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Impact of emotion-laden acoustic
stimuli on group synchronisation
performance

Marta M. N. Bierkiewicz"?, Stefan Janaqi, Pierre Jean & Benoit G. Bardy

The ability to synchronise with other people is a core socio-motor competence acquired during human
development. In this study we aimed to understand the impact of individual emotional arousal on
joint action performance. We asked 15 mixed-gender groups (of 4 individuals each) to participate in

a digital, four-way movement synchronisation task. Participants shared the same physical space,

but could not see each other during the task. In each trial run, every participant was induced with

an emotion-laden acoustic stimulus (pre-selected from the second version of International Affective
Digitized Sounds). Our data demonstrated that the human ability to synchronise is overall robust to
fluctuations in individual emotional arousal, but performance varies in quality and movement speed as
aresult of valence of emotional induction (both on the individual and group level). We found that three
negative inductions per group per trial led to a drop in overall group synchronisation performance
(measured as the median and standard deviation of Kuramoto’s order parameter—an index measuring
the strength of synchrony between oscillators, in this study, players) in the 15 sec post-induction.

We report that negatively-valenced inductions led to slower oscillations, whilst positive induction
afforded faster oscillations. On the individual level of synchronisation performance we found an effect
of empathetic disposition (higher competence linked to better performance during the negative
induction condition) and of participant’s sex (males displayed better synchronisation performance
with others). We believe this work is a blueprint for exploring the frontiers of inextricably bound
worlds of emotion and joint action, be it physical or digital.

The ability to interchange with other people is a cornerstone of human social skills, weaving the functional fabric
of societal cohesion and ability to act together. The ability to detect, predict and align with the actions of others,
creates the uniquely human sense of agency and adequacy. The links between joint movement and emotion are
established early in human development through successful (behavioural) mirroring of emotional arousal by
an infant’s primary care-takers'. It is the care-taker that helps the baby to organise its displayed emotional state
(i.e., crying, hiding) into a second-order cognitive construct (i.e., "you are sad”, "you are scared”)>. Repeated and
reinforced mirroring by parental figures allows children to develop a sense of ’self” (identity), and learn how to
regulate emotional states on their own (restore allostasis). In adulthood, signalling emotions (e.g., friendliness)
and reading the state of others, supported by societal reinforcement (feelings of affiliation*”) and hormones
such as oxytocin®’, feeds into our cognitive expectations of what is going to happen in our direct environment
in the nearest future (i.e., threat). And yet, our understanding of how that happens in a heartbeat, across differ-
ent modalities (such as movement) that might convey information about emotions and intentions®, has largely
escaped the modern interdisciplinary science.

In this context, our aim is to understand the socio-motor embodiment of emotion during synchronous
joint action performance in a small group of people (a foursome). Synchronisation in the animal world has
been explored via measurement of perceptual-motor coupling and behavioural synergies over time’. Humans
demonstrate patterns of fluid synchronisation, across proximal and distal parts of a body system (be it pos-
ture, limbs, gaze, voice, respiration, skin conductance), flowing in and out of locking patterns for phase and
frequency between agents!®-12. Fluctuations between being in- and out- of synchrony'? are reported to operate
multi-modally across behavioural and physiological synchrony (encompassing the autonomic nervous system,
inter-brain synchrony and hormonal synchrony). On the mathematical level, plethora of studies have used one
of the two models to compute the order parameter’ (a measure of the degree of synchrony between phases of
oscillatory signals) during interaction between agents: the Kuramoto model (capturing in-phase coordination)
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or the Haken-Kelso-Bunz (HKB) model (capturing both in phase and anti-phase coordination and therefore
bi-stability)'®. Although both models approach synchrony without the need for a central controller such as
an internal clock, neither of them have included so far the layers of movement qualities that convey the social
information nor have looked into the impact of emotions on synchronisation performance*. Pioneering work
on joint drumming showed that physiological and behavioural synchrony was predictive for the perceived
cohesion among participants'®. Links between physiological synchrony and cohesion have also been reported
in crowds during live sport event viewing'®, and group decision making tasks'®, cementing the stance that social
synchronisation is of paramount importance for relational emotions (i.e., affiliation, likability, admiration or
attractiveness) in the domains of sport, art and education'’, with profound social consequences**.

Studying emotion in the lab has become a major challenge in neuroscience and in affective computing, due
to (at least) three pitfalls. Firstly, the very nature of emotion is elusive not only for external observers, due to its
transiency and being constructed internally by agents'’, but at times the agent itself might not be fully aware of
its emotional state (and therefore not able to give accurate self-report). In our study, we used a high frequency
motion recording to capture perturbations in the execution of a simple motor task (due to emotion-laden acoustic
stimuli), and also collected appraisals of the valence and arousal of the perceived stimulus by each participant
(not their self-state).

Secondly, the embodiment of emotion in movement (and body postures) and bio-signals (physiological
arousal and rhythms) is subject not only to individual variation (in behavioural and physiological expression, or
duration of arousal), but also to the context of culture and previous experience, which is hard to control for'®. In
our study, we looked for the effects of sudden, acoustic emotion induction on the back-and-forth finger move-
ment during a synchronisation task. We used a validated sound battery (which admittedly does not remove the
personal variation, which we controlled for using the SAM assessment'®). We also accounted for the emotional
state prior to the start of experiment using the PANAS questionnaire®.

Finally, the majority of experiments observe an individual removed from any naturalistic scenario (i.e.,
detached from a simple social setting), therefore hindering the natural milieu of emotions (where signalling of
emotion plays important function). Notably to date, a plethora of emotion and movement research conducted
experiments based on ‘enacted’ emotions i.e.?!, which do carry hallmarks of actual emotional expression, but
are often exaggerated (especially if actors are the experimental subjects)?. And while there are other studies that
involved autobiographical recall®, or induction with pictorial/video stimuli in psycho-physical context, but
without movement data?, these methods are weak in terms of induction to produce a pronounced emotional
arousal. In our study, participants entered a a social setting of playing a collaborative game, with a common,
shared goal, where emotion was induced by acoustic stimuli. Whilst not a fully naturalistic setting, this allowed
for ecologically valid induction of emotion and immersion of individuals in the physical presence of others, who
are also engaged in the same motor task with a shared goal.

In this article, we introduce a research paradigm for exploring the impact of emotion-laden acoustic stimuli
on a group synchronisation task in a digital environment. Here, we present a multi-agent experimental space,
which allowed participants to perform the joint action task in their respective booths, without any direct eye
contact, whilst sharing the same physical room with other players. To achieve this, we have built upon the previ-
ously established Chronos interface for disembodied socio-motor synchronisation?*-?%. Chronos was designed
to afford the virtual version of the simplified mirror game for multiple agents interacting in real time? via a
network-based digital platform (visual display and movement capture device). With this interface, participants
are able to align their movement (represented on the screen as a moving circle) with the movement of others.
This methodology allowed us to control and reduce the limb motor signal to one horizontal dimension, where
each participant’s arm movement was represented by a moving colour-coded circle (providing a flow of per-
ceptual information, crucial for achieving synchronisation in humans'?). In the original version of the mirror
game paradigm, participants create interesting, joint movement together. Here, we asked participants to move
together, back-and-forth in an oscillatory fashion, to create a unified movement.

Emotional induction for each participant consisted of a pseudo-randomised set of acoustic signals chosen
from the IADS-2 sound battery®® and displayed during consecutive trials (see the Supplementary Information
Tables S1 and S2). Although The International Affective Digitized Sounds (IADS-2)? have been validated in
multiple studies®>*, we aimed to evaluate the feasibility of using those sounds during a joint action task or any
motor task at all (which we have not found in the literature to date). Acoustic stimuli unlike their visual coun-
terparts (i.e., International Affective Picture System®), do not consume the same attention resources and can
be delivered to each individual in a discrete fashion (via headphones®>**) which can be advantageous for group
scenarios in which multiple agents are concerned.

Our research questions (RQ) were the following:

RQl.)  Are participants able to adequately perceive the valence and arousal of the sounds selected from the
IADS-2 battery during the task?

RQ2.)  Does exposure to emotion-laden acoustic stimuli during socio-motor synchronisation task impact
group performance metrics (median and standard deviation of Kuramoto’s order parameter, and time spent
in higher synchronisation bands)?

RQ3.)  Does exposure to emotion-laden acoustic stimuli during socio-motor synchronisation task impact
participants’ speed of movement? Based on previous research®-%¢ we expected to observe a trade-off of posi-
tive and negative induction with the speed of movement (with positive emotion affording faster oscillations
and reversely, negative inductions slowing down the performance).
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RQ4.)  Are people who report higher sensitivity to emotions displayed by others more empathically tuned in
to others, and do they perform better in joint synchronisation tasks (measured by an Individual Synchroni-
sation Index derivative of group Kuramoto’s order parameter)?

Results

Participants completed 54 trials of the group synchronisation task (18 per emotion condition: negative, neutral,
positive; see Table S2 for illustration of the trial run across participants). Between trials, participants were asked
to appraise both the valence and arousal of the sound stimuli. To assess the performance per group per trial we
computed Kuramoto’s order parameter based on the finger movement data of all participants interacting. In sub-
sequent steps, we computed standard deviations of this parameter, and other metrics such as Time in synchrony
(i-e. the time for which participants maintained synchronisation in each order parameter band) and Time to reach
synchrony (i.e. the time required to cross the threshold of each order parameter band). In addition, we computed
the number of cycles completed per group per trial in order to capture the speed of performance during syn-
chronisation. For the in-depth analysis of individual contributions to the group’s synchronisation performance,
we extracted an Individual Synchronisation Index which shows the closeness of each agent’s phase to the order
parameter of the group at each time instance. This allowed us to look into effects of sex and empathetic ability
on performance. We also measured the number of cycles completed by each participant.

Validation of emotional induction. We measured participants’ appraisal of the emotional arousal and
valence of the stimuli using Self-Assessment Manikin protocol”. In the tested sample, we found that participants
adequately appraised the stimuli received, whilst being immersed in the group motor task. To conduct infer-
ential statistics we took the median value (from 18 trials per condition) for valence and arousal separately per
emotional condition per participant. Repeated measures ANOVA showed a large effect of the emotion induction
on the SAM valence ratings F(2,104) = 191.84, nz =0.78, large effect size, with all emotion inductions being sig-
nificantly different from each other (p<0.001) (see Fig. 1). For the arousal ratings on the SAM F(2,104) = 44.91,
n? = 0.46, large effect size, all emotion inductions also differed significantly from each other (p<0.001) (see in
the Supplementary Information Tables S3 and S4 for overview of the descriptive statistics). Neither PANAS?
positive or negative scores, or overall score on Emotional Contagion scale®’, explained the SAM scores for the
Emotional Induction condition with logistic regression (p>0.05), we have not found effect of the run order (see
Table S2) on the SAM ratings (p>0.05).

Behavioural analysis of group performance. Our presentation of the data analysis is structured by
the research questions targeting performance metrics, subdivided into Period 2 and Period 3 for each trial (see
Fig. 2). To compute the effect of the emotional induction in a group, we aggregated individual inductions to two
index values; number of negative and positive inductions per group per trial (with 3 negative or 3 positive induc-
tions being the maximum number per trial). The numbers of negative and positive inductions per group per trial
were entered into a Linear Mixed Model analysis as fixed factors (as numbers).

Synchronisation performance. To quantify synchronisation between agents, the Kuramoto order parameter was
computed from spatio-temporal data following the methodology and scripts developed in'’. The trial was subdi-
vided into three sections as depicted on the diagram below (see Fig. 2). Overall participants showed an aptitude
for moving in synchrony with other members of their group in the digital environment (Median = 0.94; SD =
0.1, see Fig. 3 for the details about the distribution). There was a significant effect of the group on the median
value per trial (F(14,795) = 46.2, p<0.001,772 = 0.44, but no effect of the trial number, p>0.05). We found that
the first trial across all groups was significantly worse in performance and created a bias in our data set (being a
trial with three negative inductions per group) therefore we removed it for the behavioural part of the analysis,
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Figure 1. Emotion Induction—valence and arousal ratings obtained in the tested sample. Participants
appraised the received acoustic stimuli as intended for arousal (higher values for negative and positive stimuli
than neutral) and valence (high scores—positive, low scores—negative). Statistical significance for main effect of
emotional induction on the arousal/valence SAM rating is marked with asterisks (**p<0.001). Error bars denote
95% confidence intervals.
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Figure 2. Three segments extracted from the trials. Segmentation of the trials allowed to understand the impact
of emotional induction immediately and after short passages of time; Period 1—Duration of 6 sec prior to onset
of the sounds; Period 2—Sound duration (6 sec) plus 9 sec time window (the length of time that participants
were able to maintain synchronisation after perceptual interruption was estimated as approximately 7s in a
study using similar paradigm and apparatus (with mean of 8.81s for professional dancers and 6.26s and non-
professional dancers)'%; Period 3—Trial continuation - 15 sec post sound onset for 20 sec (continuation phase
was considered by us a sufficient base to assess long-term differences caused by emotional induction). Fringes of
the data frames were trimmed on each side of the trial to match the duration of the segments regardless of the
sound onset delay—varied 6-8s across trials.
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Figure 3. Histogram of median values of order parameter per trial for all groups and means of median values of
order parameter across all trials presented per group. Error bars denote standard deviation from all trials.

leaving the rest of 53 runs for all groups to remove distortion of the negative emotion effect due to the lack of
training of the actual task.

Order parameter. 'The median order parameter (computed as a measure of synchrony between agents) was
converted to Fisher Z scores to produce a normalised distribution of the Kuramoto order parameter. Three
negative inductions per group per trial caused a deterioration of synchrony per group per trial. For Period 2 (see
Table S5 in the Supplementary material) we found an effect of three negative inductions per group per trial (M
=1.54,SD = 0.51), to none (M = 1.71, SD = 0.55), on the median Fisher Z score of order parameter: Beta = 0.06,
CI = 0.02-0.11, p<0.01 (model: Marginal R%/Conditional R? 0.008/0.528) and for Period 3 (see Table S6 in the
Supplementary material) of three negative inductions per group per trial (M = 1.62, SD = 0.54), to none (M =
1.72, SD = 0.47), on the median Fisher Z score of order parameter: Beta = 0.06, CI = 0.01-0.10, p = 0.01 (model:
Marginal R?/Conditional R? = 0.007/0.579) (see Fig. 4).

Standard deviations of the order parameter were transformed to Fisher Z scores to produce a normal dis-
tribution to the LMM. For Period 2 (see Table S7 in the Supplementary material), we found an effect of three
negative inductions per group per trial (M = 0.1, SD = 0.075), to none (M = 0.08, SD = 0.06), (Beta = —0.01, CI
=-0.02-0.00, p<0.01) (model: Marginal R%Conditional R? = 0.01/0.48), showing that during that period post
injection of the sound perturbed the synchronisation and increased its variability. This effect did not carry over
for Period 3 (see Table S8 in the Supplementary material), with only an effect of one positive induction per trial
(M =0.09, SD = 0.07), to none (M = 0.07, SD = 0.06), on the standard deviation of the order parameter, trans-
formed to Fisher’s Z score (Beta = —0.01, CI = —0.02-0.00, p<0.01).

Time in synchronisation bands—H, M, W. With this metric (see Methods section) we looked into the time
spent in three bands of order parameter (see Fig. 11). This was defined as the overall time duration for which
order parameter of the group per trial stayed above a given synchronisation threshold. In Period 2 (see Table S9
in the Supplementary material), we found an effect of one negative induction per group per trial on the time
spent in High (H) synchronisation band [synchronisation range > 0.83] (M = 12.6, SD = 3.22), to none (M =
12.1, SD = 3.66), (Beta = —0.44, CI = —0.85-0.02, p<0.05) (model: Marginal R%/Conditional R? = 0.005/0.523),
suggesting that heterogeneous induction in a group, led to higher performance. Further, with more unified
induction, we have found an effect of three negative inductions per group per trial for the time spent in Medium

Scientific Reports|  (2023) 13:7094 | https://doi.org/10.1038/s41598-023-34406-2 nature portfolio



www.nature.com/scientificreports/

PERIOD 2
Transformed Fisher Z order parameter

@

/.\\:

/\.:
=)

\4

N

w

N

-

PERIOD 3
Transformed Fisher Z order parameter

A
A AR
| /1 |

Number of negative inductions per group per trial Number of negative inductions per group per trial

Figure 4. Average of median order parameter scores across number of negative inductions per group per trial.
Asterisks denote significance level for the predictor, **(p<0.01), *(p = 0.01).
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Figure 5. Effect plots for the time spent in synchronisation in over three order parameter bands. Significance
levels for the predictor levels are denoted with asterisk(s) *(p<0.05) and **(p<0.001); and highlighted in light
blue for the number of negative inductions per group per trial and light yellow for the number of positive
inductions per group per trial. The whiskers denote 95% confidence intervals of the effects.

(M) synchronisation range [0.66—0.82](M = 14.02, SD = 1.52), to none (M = 14.21, SD = 1.32), (Beta = 0.20, CI =
0.05-0.35, p = 0.01) (Marginal R%/Conditional R? = 0.009/0.423) (see Table S11 in the Supplementary material)
and an effect of three negative inductions per group per trial for the Time spent in Weak (W) synchronisation
range [0.5-0.66] (M = 14.85, SD = 0.33), to none (M = 14.92, SD = 0.19), (Beta = 0.04, CI = 0.01-0.07, p<0.01)
(model: Marginal R?/Conditional R? = 0.02/0.24)(see Table S12 in the Supplementary material). This finding are
consistent with the findings of detrimental impact of three negative induction on the order parameter (previ-
ous section). Lower ranges of synchronisation bands were found in other studies to be sensitive to emotional
induction®. In the continuation of the trial in Period 3, we found an effect of one positive induction on Time
in H band per group per trial (M = 16.24, SD = 4.75), to none (M = 17.11, SD = 4.1) (Beta = 0.56, 0.00-1.11, p
= 0.05) (model: Marginal R%/Conditional R? = 0.005/0.51)(see Table S10 in the Supplementary material) (see
Fig. 5). This suggests that in the continuation phase, heterogeneous induction has led to somehow prolonged
worsened performance and is a finding to be further replicated.

Time to reach synchronisation bands—H, M, W. Time to reach synchronisation bands was computed as the
time to surpass a given threshold (see Fig. 11) of synchronisation for the first time in the selected time window
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Figure 6. Predicted values for the model of Time to reach High levels of synchrony in Period 2 based on the
number of negative inductions per group per trial. The whiskers denote 95% confidence intervals of the effect.
Significance levels for the predictor are denoted with asterisks **(p<0.001).

for analysis and stay within for a given minimum duration. For the immediate Period 2 (see Table S13 in the
Supplementary material) inclusive and following sound injection in the trial, we found an effect of the two nega-
tive inductions per group per trial (M = 4.55, SD = 6.09), to none (M = 5.05, SD = 6.44), (Beta = —0.74, CI =
-1.34-0.13, p<0.05)—meaning that participants established the H ranges of synchronisation band faster, when
two negative inductions were introduced in a trial, in comparison to trials without any negative inductions. This
means that some heterogeneity in the emotional induction in the group per trial led to a faster and more precise
temporal alignment (similarly to the finding in the previous section that one negative induction per group per
trial was a predictor for more time spent in H synchronisation band). However, in line with previous findings,
three negative inductions per group per trial (M = 6.99, SD = 7.05), compared to none, led to longer time to
achieve H synchronisation bands (Beta = —0.82, CI = —1.47-0.16, p = 0.01) (model: Marginal R?/Conditional R?
=0.01/0.33). This means it was harder for the group to reach higher ranges of synchronisation when three people
were induced with negative emotion-laden stimuli (Beta = —0.82, CI = —1.47-0.16, p = 0.01) (model: Marginal R?
/Conditional R? = 0.01/0.33). None of the aforementioned effects carried over the rest of the trial (Period 3) (see
Fig. 6). For the M synchronisation and W synchronisation bands no fixed effects were identified.

Number of cycles.  'We then analysed how many synchronisation cycles participants were able to achieve within
each period (alternatively it could be computed and represented as i.e., mean cycle duration). This was computed
as mean across participants number of times the hand (number of maxima) achieved its maximal position on X
axis before reversal of movement direction.

We found a main effect of one negative induction (M = 10.28, SD = 2.46) in Period 2 (see Table S14 in the
Supplementary material), to none (M = 10.55, SD = 2.58) per group (Beta = 0.43 CI = 0.27-0.59, p<0.001); two
negative inductions (M = 10.04, SD = 2.2), to none, (Beta = 0.30, CI = 0.19-0.41, p<0.001); and one positive
induction (M = 10.04, SD = 2.29), to none (M = 9.7, SD = 2.1), (Beta = —0.52, CI = —0.52 to —0.21, p<0.001);
two positive inductions (M = 10.4, SD = 2.51), to none, (Beta = -0.20, CI = -0.31 to —0.10, p<0.001); three posi-
tive inductions (M = 10.81, SD = 2.553), to none, Beta = 0.14, CI = 0.02-0.25, p = 0.02) (model: Marginal R/
Conditional R% = 0.032/0.861).

In Period 3 (see Table S15 in the Supplementary material), that means 15 sec post injection of the sound until
the end of the trial, the effect of emotion induction remained with main effect of one negative induction (M =
13.68, SD = 3.39), to none (M = 13.8, SD = 3.41), (Beta = 0.45, CI = 0.24-0.66, p<0.001); two negative inductions
(M =13.08, SD = 3.18), to none, (Beta = 0.54, CI = 0.40-0.69, p<0.001); and one positive induction (M = 13.17,
SD =3.27), to none(M = 12.90, SD = 2.99), (Beta = -0.41, CI = —-0.62 to —0.20, p<0.001); two positive inductions
(M =13.17, SD = 3.27), to none, (Beta = —0.32, CI = —0.47 to —-0.18, p<0.001) (see Fig. 7) (model: Marginal R%/
Conditional R? = 0.031/0.867).

Individual Synchronisation Index. For each participant per group we computed the Individual Synchro-
nisation Index (ISI)—a mismatch between their phase and the phase of their group (the closer to 1 was the value,
the lower the mismatch). There was a significant main effect of emotional induction on the ISI. As our distribu-
tion of residuals was heavy tailed we are reporting below the standardised parameters of the model. In Period
2 (see Table S16 in the Supplementary material), following immediately the sound injection, there was a fixed
effect of negative emotion induction (M = 0.91, SD = 0.14), to neutral(M = 0.92, SD = 0.12) on ISI (std B = 0.05,
std CI (0.01-0.09) p<0.05, and Sex (std B = 0.15, std CI (0.01-0.29), p<0.05) on ISI (males scoring higher (M =
0.93, SD = 0.13) than females (M = 0.9; SD = 0.14)(see Fig. 8).

We found also a fixed effect of the interaction between the negative induction and sex (std B = —0.05, std
CI (-0.09-0.01), std p<0.05), and a fixed effect of interaction between the negative induction and Emotion
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Figure 7. Violin plot for the number of cycles completed per Period 2/3 classified by the number of positive/
negative inductions per group per trial. Asterisks denote significant predictor levels for the positive induction
(yellow highlight) and for the negative induction (blue highlight). Significance levels for the predictor are
denoted with asterisks **(p<0.001). **(p<0.001).

Contagion®” score (std B = -0.05, CI (=0.10-0.00), std p<0.05) (model: Marginal R*Conditional R? = 0.055/0.39)
(see Fig. 8).

Similarly for Period 3 (see Table S17 in the Supplementary material), there was a persistent fixed effect of
negative emotion induction (M = 0.91, SD = 0.13), to neutral (M = 0.92, SD = 0.12) on the value of ISI (corrected
values: std Beta = 0.05, std CI (0.01 to —0.09), std p = 0.01), showing that negative emotion induction disrupts
the ability to synchronise with others surpassing the period of 9 sec post the end of the emotion induction. There
was also an interaction between positive induction with sex (females: neutral (M = 0.97, SD = 0.02) versus posi-
tive (M = 0.96, SD = 0.02)) (corrected values: std Beta = —0.07, std CI (-0.15 to —0.00), std p = 0.05), (model:
Marginal R%/Conditional R?=0.048/0.437).

Discussion
Humans are incredibly skilled at synchronising with each other. In our study, we tested a sample of 60 adults,
assigned to 15 mixed-sex groups of four, during a digital version of the disembodied movement synchronisa-
tion task. As the first objective of the study, we aimed to validate the feasibility of using sounds from the IADS-2
(RQ 1.) to induce positive and negative emotions during a motor task performance. We found that the IADS-2
stimulation elicited appropriate perception of emotional valence and arousal in the tested sample (see Fig. 1). On
average, this method appears valid to be introduced in experimental scientific protocols, as sound is a portable
and powerful vehicle of emotion-laden information®, which can be administered when participants are attend-
ing to other visual stimuli. A previous study using IADS-2,%* demonstrated that female participants reacted with
changes in their heart rate variability (HRV) to the valence and arousal in a consistent pattern. Another repeated
measures study using the same stimuli*’ showed that those HRV reactions were not found to be susceptible to
habituation after a one week interval. These authors also investigated the skin conductance and zygomatic muscle
activity, and showed a consistent pattern of psychophysiological responses for IADS-2 stimuli, thus validating the
perceptual self-report data from original report®®. Unlike the psycho-physical paradigm that is usually paired with
IADS-2 battery, in the current study, participants were engaged in a joint motor task. The problem with emotional
induction in the lab setting was briefly discussed in the introductory part of this article and referred to a review
article on the subject*. We believe that the current report is an important example to show the possibilities of
using emotion-laden acoustic stimuli; as emotional induction in movement studies. Although we have noted
some degree of variation in appraisal of the stimuli, for example sounds that aim to be relatively neutral (low or
medium arousal, medium valence) might evoke an idiosyncratic reaction due to personal association linked to
acoustic memory, we believe it can be controlled via the SAM psychometric report post exposure to the stimuli.
Our core research objective (RQ 2.) was to explore the impact of emotions on group synchronisation perfor-
mance. Our findings show that synchronisation is resistant to fluctuations in individual emotions (see Fig. 3),
but its quality deteriorated with a higher number of negative inductions per group per trial. In our data set, we
have observed that group synchrony deteriorated with three negative inductions per group per trial. This was
measured as both the drop in the order parameter value (Fisher Z-transformed; see Fig. 4) as well as the increase
in variability (measured as Fisher Z-transformed standard deviation of order parameter) during Period 2 (15
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Period 2: Predictor effect plot
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Figure 8. Effect plots for the Individual Synchronisation Index (ISI) and predictors: Sex of participants and
score on the Emotional Contagion Scale. Top panel depicts Period 2 predictor effects on ISI. Blue box with black
asterisk denotes the effect of the negative induction versus the neutral induction. Blue asterisk on the horizontal
axis denotes the interaction of negative induction and Emotional Contagion Score. Female participants had

on average lower ISI scores (green asterisk). Bottom panel depicts Period 3 predictor effects on ISI. Blue box
with black asterisk denotes the effect of the negative induction versus the neutral induction. Magenta arrow

and asterisk denotes the interaction of positive induction and female sex. The whiskers denote 95% confidence
intervals of the effect. Significance levels for the predictor are denoted with asterisk, *(p<0.05) (see Tables S16
and S17 for reference).

sec immediately after onset of acoustic stimuli). Similarly, in terms of time spent during Period 2 in different
synchronisation bands (characterised as high—H, medium—M and weak—W coupling, see Fig. 11), one nega-
tive induction was found to be a predictor for more time spent in H band (in comparison to none), and three
negative inductions per group per trial were predictors of less time spent in bands M and W during trials (see
Fig. 5). W band was recently identified by another study®® as being sensitive to the impact of emotional induc-
tion during a joint improvisation task. For Period 3 (continuation of the trial 15 sec after emotional induction):
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a drop in the time spent in the H band was noted for one positive induction, which suggests that the group
behaviour deteriorated when the induction was not homogeneous across the group (such as two or three posi-
tive inductions, which might be linked to the speed of performance). This effect needs further replication to
investigate the underlying mechanism. In Period 2 (immediate induction period and 9s after), we identified fixed
effects of two and three negative inductions per group per trial on the time to reach H level of synchronisation
in comparison to none (see Fig. 6). More time was needed with the three negative inductions per group per trial
in comparison to none to reach H band as a group (no fixed effects were found in Period 3, or for time to reach
synchronisation in medium—M or weak—W bands). With two negative inductions, the time to reach H band
was shorter than no negative induction, which is a unexpected effect, pointing again at the complexity of inter-
agent the synchronisation performance. Based on the analysis of the pace of performance (RQ 3.), measured
as number of cycles achieved during Period 2 and Period 3 (see Fig. 7), we found that positive induction (one,
two and three per group per trial) enabled gradually faster group movement, while negative inductions (one
and two per group per trial) led to slower performance (lower number of cycles achieved). In Period 3, those
fixed effect persisted for: one and two, both negative and positive inductions per group per trial. Therefore, we
suggest that slower performance led to faster stabilisation of performance in higher synchronisation bands until
the majority of the group was induced with negative emotions, the advantage disappears and led to prolonged
stabilisation of synchronisation.

This work is a novel contribution to the body of literature, in terms of impact of emotions of group synchroni-
sation performance. Previous research on motor timing in a solo performance paradigm reported speeding up of
performance following negative emotional induction®. Our work demonstrates that three negative inductions
per group per trial worsened the group synchronisation performance and slowed down the performance. Posi-
tive induction was associated with faster oscillations in both immediate time window during and post induction
(Period 2), and in the continuation of the trial (Period 3). Therefore it seems that in individual motor tasks, the
reaction to emotional induction might vary from the group setting. Group synchronisation performance did not
linearly worsen as the number of negative inductions increased from one to three. The observed group pattern
was inconsistent across synchronisation bands for one and two negative inductions. This calls for more research
to further examine both the homogeneous and heterogeneous emotional induction of agents.

Noteworthy, looking at the ISI—an Individual Synchronisation Index (RQ 4.), we managed to dissect the
difference in synchronisation performance between male and female participants and empathetic disposition.
We found that negative induction (compared to neutral) was a predictor for decreased performance in both
Period 2 and Period 3. In addition, in Period 2, we found an effect of sex, with females having lower ISI than male
participants. We found an effect of Emotional Contagion score, for negative induction on ISI (higher empathetic
disposition for Emotional Contagion led to higher ISI performance), shedding light on this new finding that par-
ticipants who self-reported to be more attuned to the emotional expressions of others, were also better at staying
in synchrony with others immediately after the negative emotional induction. This small and transient effect is
interesting to note for further investigations, with reference to the evidence presented in the introduction sug-
gesting parallel development of empathy and synchronous socio-motor interaction during human development?*.
We also found a difference in ISI between male and female participants (with male participants having on average
higher ISI than females)(see Fig. 8). We are not aware of any studies reporting differences in synchronisation
performance between sexes, but previous research reported (1) advantage in males since adolescence in the
motor timing task (attributed to faster motor learning)*' and (2) enhanced spatio-temporal performance of
males in a visuo-oculo-manual motor task (attributed to faster prediction process coupling target motion to a
tracking hand)*2. In a recent study*® a novel piece of evidence emerged that heterosexual women report higher
attraction to males who are super synchronisers’ during naturalistic socio-motor interaction (measured as level
of coupling in body alignment), which suggests perhaps that there is a innate advantage in males, who are more
attuned to sensori-motor signals. This interaction effect reaffirms the need for future experimental work to vali-
date the main effects reported here, and to clarify the nature of the interaction between empathetic disposition
and synchronisation performance, independent of emotional induction.

We acknowledge that in this setup, the evoked emotions did not hold any personal context for the participants.
The self-reports analysed here are perceptions of external stimuli. Be this as it may, the situation holds a lot in
parallel to those in real-life (e.g., walking with a group of friends and being the only person who sees a disturbing
scene on the sidewalk; hearing your pet cry in the room next door when one is working in the digital space in
their home office; cycling in a group and hearing a car horn). As the enmeshment between digital and physical
worlds progresses with time, further investigations into the impact of emotion arousal on sensori-motor inter-
action should follow in both separate (digital versus physical) and hybrid contexts. With the recent COVID-19
pandemic experience, social distancing made further exploration of socio-motor interaction and embodiment of
emotion in the context of research even harder. As much as the digital world opened new doors to border- and
boundless, time independent communication (like sending video or audio messages to your friends), it shut the
door to full and rich human contact, with soft elements and nuances missing from the flow of information. This
lack of rich interpersonal relay leaves digital exchanges tiresome in the long run, leaving our brains unsatisfied
with futile attempts to understand and predict other people’s behaviour. For example, the asynchronous nature
of email exchange or the misreading of people’s actual state during video calls***. Even a millisecond-long lag in
the flux of information (or between its modalities) can lead to disruption of turn-taking and can ruin the fluid-
ity and spontaneity of interaction between agents. Those, among many other idiosyncrasies of digitally nested
interactions, are yet to be fully investigated. Limitations of digital (versus physical) contact that emerged during
the COVID-19 pandemic brought to everybody’s attention a need to create digital environments enriched with
emotional qualities. Creating digital environments with communication flow that is as meaningful as inter-
personal has contact became of paramount importance for future research and development in this field. We
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Figure 9. Laboratory setup—player booths. Left panel depicts the experimental room with the shields between
participants to prevent view and real-time identification of the other members of the group. Right panel shows
the complete'® coupling structure between participants using the digital display of moving, colour-coded circles.

af:ﬁ\“

Figure 10. Display visible to the participant; the oscillatory movement of the preferred index finger was
captured by a LEAP sensor (blue coded the moving circle of the participant in front of the screen and was always
at bottom line of display, whilst the other moving circles of the other members of the same group were colour-
coded as orange depicted in the upper lines of the display).

propose this paradigm as a novel pathway for exploring the impact of emotional arousal on group performance
and individual movements within that context.

Methods

Participants. Participants were recruited for the study by a snowballing strategy from the student and staff
pool of University of Montpellier. Ethical approval was granted by the EuroMov ethical committee (IRB Euro-
Mov #2005A) in accordance with the Declaration of Helsinki. Written informed consent was obtained from all
subjects after receiving an explanation of the study. 60 individuals (28 females) participated and were randomly
assigned to 15 groups of 4 people (mixed sex and age: M = 26+/- 6 years). All volunteers were neurologically
healthy and had normal or corrected to normal vision and normal hearing, 3 were left-handed (measured with
Edinburgh Oldfield Handedness questionnaire’). Since the vision of other players in the group was obstructed
by booths’ walls, it excluded the need to control within the group for social cues such as the acquaintance level
between participants, age, or gender. Each of the participants followed a strict social distancing protocol for
COVID-19 prevention.

We have estimated a priori the minimal sample size to be N = 15 for the fixed effect of emotional induction
on the synchronisation performance per group per trial. We used G*Power by using the Cohen’s*” suggested
benchmark criteria for partial n 2 for medium effect size = .06, we set the effect size of f = .25, o = .05 and power
of the test (1-8) = 0.8, 3 levels of factor, 18 measurements per factor. For the individual performance (effect size
of f=.25, & = .05 and power of the test (1-8) = 0.8, 3 predictors) the minimal sample size was calculated as 48
participants.

Apparatus. Chronos is an open-source software that provides a digital, disembodied platform for motor
interaction. Movement of all participants is translated in real time from their personal space to a gaming display
of controlling and moving colour-coded circles on their respective screens (see*!). The positional data of their
index finger (of the preferred hand) was recorded with the LEAP motion at a sampling frequency of 55Hz. In
this experiment we fixed the multiplayer Chronos typology to “complete” (see'®) without a predesignated leader
(meaning that all participants were seeing each other’s movement as illustrated on Fig. 10).
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Procedure. The use of the LEAP motion sensor was demonstrated by the researcher at the demonstration
booth - the required finger movement with preferred index finger and the optimal capture position and distance
(index finger hovering between 10 and 20 cm in a vertical/diagonal line from the LEAP motion sensor). Par-
ticipants were instructed to complete one solo trial as a practice run, with white noise being played in the back-
ground. After that, participants were asked to take a seat in their own booth—in front of their own computer
display and capturing device, at 1.5m distance with direct visual contact prevented by shields (see Fig. 9 for the
schema of the set up). Just before the launch of the multiplayer game participants were invited to fill in two short
questionnaires - PANAS? (to assess their current emotional state prior to the experiment (French validation,*),
and The Emotional Contagion scale to assess their empathetic ability (*’, adapted by*’). PANAS is a 20-item self-
report scale where participants use a 5-point Likert scale to describe their current mood using adjectives on a
list of positive and negative emotions®’. PANAS provides two outcome scores for: (1) positive affect; (2) negative
affect. The Emotional Contagion Scale is a 15-item self-report scale where participants use 5-point Likert scale
to describe their susceptibility to “catching” the emotional states of others (*’#°). The outcome score comes as a
global index, comprising of five sub-scores across emotion sub-categories of emotions: sadness, fear, anger, hap-
piness, and love.

Once participants filled in the questionnaires, they were asked to launch the Chronos game on the display in
their respective booths. The game started its first trial, 5 sec after all participants pressed START". The goal of the
game was to synchronise their motion with that of the moving circles of other players shown, representing the
movements of the 3 other group members, displayed separately for each participant on their individual screen
(see Fig. 10). Participants were debriefed that each of them will hear a sound early after launch of each trial, but
their task is to continue to align their movement (in space and time) with the movement of others. In case they
would drop their synchronisation with others, they were instructed to re-align as soon as possible to reestablish
an unison movement back and forth of other moving circles.

Players were not given information of the exact topology of their interactions with others, apart from the
information that all players that ’they are interacting with’ are seated in the same room. Each group performed
54 trials together, of 45 sec duration each. The trial order was fixed and preloaded to Chronos interface (this
choice was required, due to technical limitations of this software not permitting for randomisation of the sound
stimuli across trials). This created multiple and balanced combinations of negative, neutral and positive stimuli
across participants in each group (4 participants x 18 trials per condition x 3 emotional conditions). We have
decided to use a pseudo-randomised order to counterbalance the effect of order across players (Player 1—blocked
design; Player 2—semi-blocked; Player 3—semi-random; Player 4—random) (see the breakdown of the trial
runs between players in the Supplementary Information Table S2). After each trial participants were asked to
fill in a ’pen and paper’ answer sheet with their perception of the stimuli displayed during the most recent trial.
Two dimensions of the Self-Assessment Manikin (SAM), an affective rating system devised by'®, were used to
collect responses: valence and arousal (as dominance dimension was not of interest in this setup). Participants
were asked to refer to graphic figurines depicting values along each of the dimensions on an interval scale (1 to
9), to indicate their emotional reaction to a stimulus presented. We obtained permission to use the SAM scale
for the EnTimeMent project from CSEA media (copyright owner).

Independent variables. Three sets of emotional sounds (pre-recorded clips) were selected from the
IADS-2 battery based on their pleasure and arousal ratings (excluding sounds that were rhythmic, melodic or
contained elements of speech) from the technical report*® for mixed-sex participants (positive valence/high
arousal—9 sounds, negative valence/high arousal—9 sounds and, neutral valence/low arousal—9 sounds) (see
the Supplementary Information Table S1 for the listing). Each sound was used two times per participant in order
to create the required number of trials (18 per condition), constituting the three emotional conditions: (1) nega-
tive, (2) neutral and (3) positive. The time stamp of injection of the sound during the trial varied across trials
between 6 and 8 sec from the trial onset (to avoid habituation and priming of participants to anticipate the sound
at fixed interval for each trial) equivocally for all participants (see in the Supplementary Information Table S2).

Dependent variables. SAM responses were anonymised and coded to match the data from PANAS and
Emotional Contagion, Edinburgh handedness questionnaires. They were later merged with the performance
metrics (synchronisation performance and movement speed) obtained from the LEAP sensor by participants
code and group number.

Data processing pipeline. Each group (group = 1, ..., 15) performed 54 trials in the experimental run. For
each trial, the emotion of each participant and the delay of sound injection was fixed before the start of experi-
ment, identical for all groups. The recording obtained for each participant/trial/group was a two-column matrix
(script’CHRONOS_0.1’ loads the data in the data repository). The first column was filled with time stamps
going from 0 to 45 s with a frequency of 55 Hz. The second column was a recording of the position X of the index
finger of a dominant hand at instant t. In order to compare data recorded across groups, trials and participants
we generated a unique time vector T with frequency 100 Hz (near the double of 55 Hz as to have the least loss
of information) and interpolated all X vectors (with spline method) accordingly (in order to match position X
at instant t to the the X positions at interpolated instant T; and fill in any X missing data under 5 frames). These
operations were realised with the script’ CHRONOS_1.m’ (see data repository).

The experimental task was to cyclically move a circle on the screen (controlled by LEAP motion sensor cap-
turing participant’s hand position) jointly with circles representing movement of other participants in real time.
To calculate the number of cycles and the mean time per cycle, we calculated in for trial the number of times
the hand (number of maxima) achieved its maximal position on X axis before reversal of movement direction.
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Then the mean time per cycle was computed as duration of analysed segment of trial (trial total duration 45s)
divided by the number of cycles. Next, for each X vector we calculated its phase with Hilbert transform (see
script "7CHRONOS_2.m” in the data repository). Transformation of X vector to phase permitted to calculate
synchronisation performance metrics. Herein, for a given a group and a trial the phases of 4 individuals in the
group are further referenced as ¢1, ¢, ¢3, $4.The Kuramoto Order Parameter opmt(t) is computed as the modulus
of the mean vector of

=
opmt(t) = |Z E exp(i * @i(1))] (1)
k=1

atinstant t in T, where ’{ is the unitary complex number.'. This modulus ranges in its value between 0 and 1 and
k ranges between 1 and 4. The bigger ompt(t) the stronger the phase alignment (synchronisation) between the
participants. In order to extract further metrics relevant to group synchronisation performance we calculated
overall synchronisation thresholds. For this, all the probability distribution was calculated of opmt of all trials
and then cut into 0.25 percent quantiles. This gave the following thresholds: no synchronisation for opmt(t)
the value interval [0,0.5025]; weak synchronisation "W’ for opmt(t) in value interval [0.5025,0.6650], medium
synchronisation M’ for opmt(t) in value interval [0.6650, 0.8274] and high synchronisation "H’ for opmt(t) in
value interval [0.8274,1] (see script CHRONOS_3.m and ancillary functions called in it, available in the data
repository).

Then for each threshold (W, M, H) we calculated two metric TTS - Time To Synchronisation and TIS—Time
In Synchronisation. TTS is the time to surpass a given threshold of synchronisation for the first time in the
selected time window for analysis and stay within for a given minimum duration (in our experiment this was
empirically found to be 4,5 s). TIS was defined as the overall time duration for which opmt stayed above a given
synchronisation threshold. We thus calculated for each group (trial) the values TTSw, TTSy, TTSy and TISw,
TISp, TISy. These values were calculated for all the duration of the trial and for subsections of this interval taken
for in-depth analysis—see Fig. 11. Finally, Individual Synchronisation Index (ISI) for each participant in the
group was calculated separately, along with the number of cycles and time of cycle separately (for the analysis
of correlation of those metrics to psychometric data). If ¢, notes the phase of opmt then, the relative phase of
each agent k was ¢ - ¢¢, where 1’ here is the unitary complex number. ISI(k) was then the mean value of moduli

ISI(k) = exp(i * (¢x — bg)- )

The closer ISI(k) to 1 the smaller the average phase mismatch of agent k in the group®". For all groups and trials,
we removed from the analysis the first trial—as we found that the performance was worse than in all of the other
53 consecutive runs, which could inflate the results of Negative induction in this run (3 Negative inductions and
1 Neutral). For the descriptive statistics for the first period of all trials, across all participants, 6 sec prior to the
injection of the sound is depicted below - synchronisation for the Positive (M = 0.91; SD = 0.15), Neutral (M =
0.92; SD = 0.15), Negative (M = 0.91; SD = 0.16).

We ran a linear mixed model analysis in R Studio (version 1.4.1106) using the Ime4 package®'. Significance
was calculated using the ImerTest package®?, which applies Satterthwaite’s method to estimate degrees of freedom
and generate p-values for mixed models. We applied an outlier standardized removal procedure (selection of
interquartile range—IQR) for the Group performance metrics to allow better fit of the LMM.
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Figure 11. Three synchronisation bands used for the data analysis. An exemplification of the trial data—panel
on the top showing phase alignment between four participants (Group 15, trial 54), the bottom panel shows
the unfolding of the order parameter (opmt) over (t), across three synchronisation bands (weak, medium and
weak). The dotted vertical line denotes the lag in the induction of sound (emotional induction).
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For the group variables: Order Parameter, Time in synchronisation bands, Time to reach synchronisation

bands, Number of Cycles (entered into LMM as separate dependent variables), with number of positive and
negative inductions per group per trial as fixed factors and Group ID as a random effect. We included Individual
Synchronisation Index as the dependent variable and added fixed effects of emotion induction and interaction
with Emotion Contagion Score and Sex, and included Participant ID as a random effect.

Data availability
Bienkiewicz, M. (2023, January 9). Spook and play (data repository and codes). https://doi.org/10.17605/OSE
I0/DZWCT.

Received: 26 July 2022; Accepted: 28 April 2023
Published online: 01 May 2023

References
1. Barrett, L. F,, Niedenthal, P. M. & Winkielman, P. Emotion and Consciousness (Guilford Press, New York, 2007).
2. Pratt, M., Goldstein, A., Levy, J. & Feldman, R. Maternal depression across the first years of life impacts the neural basis of empathy
in preadolescence. J. Am. Acad. Child Adolesc. Psychiatry 56, 20-29.e3. https://doi.org/10.1016/j.jaac.2016.10.012 (2017).
3. Atzil, S. & Gendron, M. Bio-behavioral synchrony promotes the development of conceptualized emotions. Curr. Opin.
Psychol.https://doi.org/10.1016/j.copsyc.2017.07.009 (2017).
4. Bienkiewicz, M. M. et al. Bridging the gap between emotion and joint action. Neurosci. Biobehav. Rev. 131, 806-833. https://doi.
0rg/10.1016/].NEUBIOREV.2021.08.014 (2021).
5. Ayache, J. et al. Exploring the “dark matter” of social interaction: Systematic review of a decade of research in spontaneous inter-
personal coordination. Front. Psychol. 12, 4447. https://doi.org/10.3389/FPSYG.2021.718237/BIBTEX (2021).
6. Anacker, A. & Beery, A. Life in groups: The roles of oxytocin in mammalian sociality. Front. Behav. Neurosci. 7, 185. https://doi.
org/10.3389/fnbeh.2013.00185 (2013).
7. Palmieri, A., Pick, E., Grossman-Giron, A. & Tzur Bitan, D. Oxytocin as the neurobiological basis of synchronization: A research
proposal in psychotherapy settings. Front. Psychol. 12, 628011. https://doi.org/10.3389/fpsyg.2021.628011 (2021).
8. Bonini, L., Rotunno, C., Arcuri, E. & Gallese, V. Mirror neurons 30 years later: Implications and applications. Trends Cogn.
Sci.https://doi.org/10.1016/].TICS.2022.06.003 (2022).
9. Strogatz, S. Sync: The emerging science of spontaneous order (Penguin UK, Westminster, 2004).
10. Bardy, B. G. et al. Moving in unison after perceptual interruption. Sci. Rep. 10, 18032. https://doi.org/10.1038/s41598-020-74914-z
(2020).
11. Kelso, J., Scholz, J. P. & Schoner, G. Nonequilibrium phase transitions in coordinated biological motion: Critical fluctuations. Phys.
Lett. A 118, 279-284 (1986).
12. Mayo, O. & Gordon, I. In and out of synchrony-Behavioral and physiological dynamics of dyadic interpersonal coordination.
Psychophysiology 57, e13574. https://doi.org/10.1111/psyp.13574 (2020).
13. Kelso, J. A. Unifying large-and small-scale theories of coordination. Entropy 23, 537. https://doi.org/10.3390/e23050537 (2021).
14. Gordon, I. et al. Physiological and behavioral synchrony predict group cohesion and performance. Sci. Rep. 10, 1-12. https://doi.
0rg/10.1038/s41598-020-65670-1 (2020).
15. Baranowski-Pinto, G., Profeta, V. L., Newson, M., Whitehouse, H. & Xygalatas, D. Being in a crowd bonds people via physiological
synchrony. Sci. Rep. 12, 1-10. https://doi.org/10.1038/s41598-021-04548-2 (2022).
16. Tomashin, A., Gordon, I. & Wallot, S. Interpersonal physiological synchrony predicts group cohesion. Front. Hum. Neurosci. 439
(2022).
17. Barrett, L. F, Mesquita, B., Ochsner, K. N. & Gross, J. ]. The experience of emotion. Annu. Rev. Psychol. 58, 373-403. https://doi.
org/10.1146/ ANNUREV.PSYCH.58.110405.085709 (2007).
18. Barrett, L. F, Adolphs, R., Marsella, S., Martinez, A. M. & Pollak, S. D. Emotional expressions reconsidered: Challenges to inferring
emotion from human facial movements. Psychol. Sci. Public Interest 20, 1-68. https://doi.org/10.1177/1529100619832930 (2019).
19. Bradley, M. M. & Lang, P. ]. Measuring emotion: The self-assessment manikin and the semantic differential. J. Behav. Therapy Exp
Psychiatry 25, 49-59. https://doi.org/10.1016/0005-7916(94)90063-9 (1994).
20. Watson, D, Clark, L. A. & Tellegen, A. Development and validation of brief measures of positive and negative affect: The panas
scales. J. Personal. Soc. Psychol. 54, 1063 (1988).
21. Atkinson, A. P, Dittrich, W. H., Gemmell, A. J. & Young, A. W. Emotion perception from dynamic and static body expressions in
point-light and full-light displays. Perception 33, 717-746 (2004).
22. Lozano-Goupil, J., Bardy, B. G. & Marin, L. Toward an emotional individual motor signature. Front. Psychol. 12, 1559. https://doi.
org/10.3389/FPSYG.2021.647704/BIBTEX (2021).
23. Marin-Morales, J. et al. Affective computing in virtual reality: Emotion recognition from brain and heartbeat dynamics using
wearable sensors. Sci. Rep. 8, 13657. https://doi.org/10.1038/s41598-018-32063-4 (2018).
24. Alderisio, E, Lombardi, M., Fiore, G. & di Bernardo, M. A novel computer-based set-up to study movement coordination in human
ensembles. Front. Psychol. 8, 967. https://doi.org/10.3389/FPSYG.2017.00967/BIBTEX (2017).
25. Calabrese, C. et al. Spontaneous emergence of leadership patterns drives synchronization in complex human networks. Sci. Rep.
11, 1-12 (2021).
26. Lombardi, M., Liuzza, D. & Bernardo, M. D. Using learning to control artificial avatars in human motor coordination tasks. IEEE
Trans. Robot. 37, 2067-2082. https://doi.org/10.1109/TR0O.2021.3073771 (2021).
27. Noy, L., Dekel, E. & Alon, U. The mirror game as a paradigm for studying the dynamics of two people improvising motion together.
Proc. Natl. Acad. Sci. USA 108, 20947-20952. https://doi.org/10.1073/PNAS.1108155108 (2011).
28. Bradley, M. M. & Lang, P.]. in The international affective digitized sounds (; IADS-2): Affective ratings of sounds and instruction
manual. (University of Florida, Gainesville, FL, Tech. Rep. B-3, 2007).
29. Viinikainen, M., Kitsyri, . & Sams, M. Representation of perceived sound valence in the human brain. Hum. Brain Mapp. 33,
2295-2305. https://doi.org/10.1002/hbm.21362 (2012).
30. Hettich, D. T. et al. EEG responses to auditory stimuli for automatic affect recognition. Front. Neurosci. 10, 244. https://doi.org/
10.3389/fnins.2016.00244 (2016).
31. Lang, P. & Bradley, M. M. The international affective picture system (IAPS) in the study of emotion and attention. Handbook of
emotion elicitation and assessment 29, 70-73 (2007).
32. Bienkiewicz, M. et al. The limitations of being a copycat: Learning golf putting through auditory and visual guidance. Front. Psychol.
10, 92. https://doi.org/10.3389/fpsyg.2019.00092 (2019).
33. Engelberg, ]. W. M., Schwartz, ]. W. & Gouzoules, H. The emotional canvas of human screams: Patterns and acoustic cues in the
perceptual categorization of a basic call type. Peer] 9, €10990. https://doi.org/10.7717/PEER].10990 (2021).
34. LeDoux, J. E. Coming to terms with fear. https://doi.org/10.1073/pnas.1400335111 (2014).

Scientific Reports |

(2023) 13:7094 | https://doi.org/10.1038/s41598-023-34406-2 nature portfolio


https://doi.org/10.17605/OSF.IO/DZWCT
https://doi.org/10.17605/OSF.IO/DZWCT
https://doi.org/10.1016/j.jaac.2016.10.012
https://doi.org/10.1016/j.copsyc.2017.07.009
https://doi.org/10.1016/J.NEUBIOREV.2021.08.014
https://doi.org/10.1016/J.NEUBIOREV.2021.08.014
https://doi.org/10.3389/FPSYG.2021.718237/BIBTEX
https://doi.org/10.3389/fnbeh.2013.00185
https://doi.org/10.3389/fnbeh.2013.00185
https://doi.org/10.3389/fpsyg.2021.628011
https://doi.org/10.1016/J.TICS.2022.06.003
https://doi.org/10.1038/s41598-020-74914-z
https://doi.org/10.1111/psyp.13574
https://doi.org/10.3390/e23050537
https://doi.org/10.1038/s41598-020-65670-1
https://doi.org/10.1038/s41598-020-65670-1
https://doi.org/10.1038/s41598-021-04548-2
https://doi.org/10.1146/ANNUREV.PSYCH.58.110405.085709
https://doi.org/10.1146/ANNUREV.PSYCH.58.110405.085709
https://doi.org/10.1177/1529100619832930
https://doi.org/10.1016/0005-7916(94)90063-9
https://doi.org/10.3389/FPSYG.2021.647704/BIBTEX
https://doi.org/10.3389/FPSYG.2021.647704/BIBTEX
https://doi.org/10.1038/s41598-018-32063-4
https://doi.org/10.3389/FPSYG.2017.00967/BIBTEX
https://doi.org/10.1109/TRO.2021.3073771
https://doi.org/10.1073/PNAS.1108155108
https://doi.org/10.1002/hbm.21362
https://doi.org/10.3389/fnins.2016.00244
https://doi.org/10.3389/fnins.2016.00244
https://doi.org/10.3389/fpsyg.2019.00092
https://doi.org/10.7717/PEERJ.10990
https://doi.org/10.1073/pnas.1400335111

www.nature.com/scientificreports/

35. Monier, F. & Droit-Volet, S. Synchrony and emotion in children and adults. Int. J. Psychol. 53, 184-193. https://doi.org/10.1002/
fjop.12363 (2018).

36. Gao, Y., Bianchi-Berthouze, N. & Meng, H. What does touch tell us about emotions in touchscreen-based gameplay?. ACM Trans.
Comput. Hum. Interact. 19, 1-30. https://doi.org/10.1145/2395131.2395138 (2012).

37. Doherty, R. W. The emotional contagion scale: A measure of individual differences. J. Nonverbal Behav. 21, 131-154. https://doi.
0rg/10.1023/A:1024956003661 (1997).

38. Smykovskyi, A., Bienikiewicz, M., Pla, S., Janagqj, S. & Bardy, B. G. Positive emotions foster spontaneous synchronisation in a group
movement improvisation task. Front. Hum. Neurosci. 579 (2022).

39. Nardelli, M., Valenza, G., Greco, A., Lanata, A. & Scilingo, E. P. Arousal recognition system based on heartbeat dynamics during
auditory elicitation. In: Proceedings of the Annual International Conference of the IEEE Engineering in Medicine and Biology Society,
EMBS 6110-6113. https://doi.org/10.1109/EMBC.2015.7319786 (2015).

40. Martin-Soelch, C., Stécklin, M., Dammann, G., Opwis, K. & Seifritz, E. Anxiety trait modulates psychophysiological reactions, but
not habituation processes related to affective auditory stimuli. Int. J. Psychophysiol. Off. ]. Int. Organiz. Psychophysiol. 61, 87-97.
https://doi.org/10.1016/].IJPSYCHO.2005.07.009 (2006).

41. Dorfberger, S., Adi-Japha, E. & Karni, A. Sex differences in motor performance and motor learning in children and adolescents:
An increasing male advantage in motor learning and consolidation phase gains. Behav. J. Brain Res. 198, 165-171. https://doi.org/
10.1016/j.bbr.2008.10.033 (2009).

42. Mathew, J., Masson, G. S. & Danion, F. R. Sex differences in visuomotor tracking. Sci. Rep. 10, 1-12. https://doi.org/10.1038/
$41598-020-68069-0 (2020).

43. Zeevi, L. et al. Bio-behavioral synchrony is a potential mechanism for mate selection in humans. Sci. Rep. 12, 1-11 (2022).

44. Bailenson, J. N. Nonverbal Overload: A Theoretical Argument for the Causes of Zoom Fatigue. Technol. Mind Behav. 2 (2021).
noteHttps://tmb.apaopen.org/pub/nonverbal-overload.

45. Ratan, R., Miller, D. B. & Bailenson, J. N. Facial appearance dissatisfaction explains differences in zoom fatigue. Cyberpsychol.
Behav. Soc. Netw. 25, 124-129 (2022).

46. Oldfield, R. C. The assessment and analysis of handedness: The edinburgh inventory. Neuropsychologia 9, 97-113 (1971).

47. Cohen, J. Set correlation and contingency tables. Appl. Psychol. Meas. 12, 425-434 (1988).

48. Gaudreau, P, Sanchez, X. & Blondin, ].-P. Positive and negative affective states in a performance-related setting. Eur. J. Psychol.
Assess. 22, 240-249. https://doi.org/10.1027/1015-5759.22.4.240 (2006).

49. Raymond, A. La contagion émotionnelle : analyse de I'influence du niveau de stress percu sur la sensibilité au processus de contagion
émotionnelle. Master’s thesis, schoolUniversity of Quebec at Rimouski (2017).

50. Merz, E. L. et al. Psychometric properties of positive and negative affect schedule (PANAS) original and short forms in an African
American community sample. J. Affect. Disord. 151, 942-949. https://doi.org/10.1016/.jad.2013.08.011 (2013).

51. Bates, D., Méchler, M., Bolker, B. & Walker, S. (2015) Fitting linear mixed-effects models using Ime4. Journal of Statistical Software
67, 1-48. https://doi.org/10.18637/jss.v067.i01.

52. Kuznetsova, A., Brockhoff, P. B. & Christensen, R. H. B. ImerTest package: Tests in linear mixed effects models. Journal of Statistical
Software 82, 1-26. https://doi.org/10.18637/jss.v082.i13 (2017).

Acknowledgements

This work was financed by the ‘EnTimeMent” project funded by EU Horizon 2020 FET PROACTIVE (No.
824160). Authors would like to thank Dr. Maria Lombardi for her work on the creation and development of
Chronos interface, Prof. Mario di Bernardo for his permission to use Chronos software in this project, and Simon
Pla for his technical support. Finally, we would like to thank to all the volunteers who participated in this study,
without remuneration.

Author contributions

M.B. conceived and conducted the experiment, analysed the performance and psycho-physical metrics and
drafted the first version of this manuscript; P.J. adapted the Chronos apparatus and developed software patch to
include IADS-2 battery and co-designed the experimental procedure accordingly; S.J. wrote the data analysis
scripts for the data collected (building up on the work of Dr. Lombardi and Prof. di Bernardo) and designed
the processing pipelines, which amounted to clean datasets for statistical analysis; B.B. conceptualised the work,
had oversight on the data analysis and co-wrote the manuscript. All authors co-designed the experiment and
reviewed the manuscript prior to submission.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-34406-2.

Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-34406-2.

Correspondence and requests for materials should be addressed to M.M.N.B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2023) 13:7094 | https://doi.org/10.1038/s41598-023-34406-2 nature portfolio


https://doi.org/10.1002/ijop.12363
https://doi.org/10.1002/ijop.12363
https://doi.org/10.1145/2395131.2395138
https://doi.org/10.1023/A:1024956003661
https://doi.org/10.1023/A:1024956003661
https://doi.org/10.1109/EMBC.2015.7319786
https://doi.org/10.1016/J.IJPSYCHO.2005.07.009
https://doi.org/10.1016/j.bbr.2008.10.033
https://doi.org/10.1016/j.bbr.2008.10.033
https://doi.org/10.1038/s41598-020-68069-0
https://doi.org/10.1038/s41598-020-68069-0
https://doi.org/10.1027/1015-5759.22.4.240
https://doi.org/10.1016/j.jad.2013.08.011
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1038/s41598-023-34406-2
https://doi.org/10.1038/s41598-023-34406-2
https://doi.org/10.1038/s41598-023-34406-2
https://doi.org/10.1038/s41598-023-34406-2
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:7094 | https://doi.org/10.1038/s41598-023-34406-2 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Impact of emotion-laden acoustic stimuli on group synchronisation performance
	Results
	Validation of emotional induction. 
	Behavioural analysis of group performance. 
	Synchronisation performance. 
	Order parameter. 
	Time in synchronisation bands—H, M, W. 
	Time to reach synchronisation bands—H, M, W. 
	Number of cycles. 

	Individual Synchronisation Index. 

	Discussion
	Methods
	Participants. 
	Apparatus. 
	Procedure. 
	Independent variables. 
	Dependent variables. 
	Data processing pipeline. 

	References
	Acknowledgements


