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ARTICLE INFO ABSTRACT
Keywords: There is a surge in the use of virtual characters in cognitive sciences. However, their behavioural
Virtual character realism remains to be perfected in order to trigger more spontaneous and socially expected re-
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actions in users. It was recently shown that biological postural oscillations (idle motion) were a
key ingredient to enhance the empathic response to its facial pain expression. The objective of this
study was to examine, using electroencephalography, whether idle motion would modulate the
neural response associated with empathy when viewing a pain-expressing virtual character.
Twenty healthy young adults were shown video clips of a virtual character displaying a facial
expression of pain while its body was either static (Still condition) or animated with pre-recorded
human postural oscillations (Idle condition). Participants rated the virtual human’s facial
expression of pain as significantly more intense in the Idle condition compared to the Still condition.
Both the early (N2-N3) and the late (rfLPP) event-related potentials (ERPs) associated with
distinct dimensions of empathy, affective resonance and perspective-taking, respectively, were
greater in the Idle condition compared to the Still condition. These findings confirm the potential of
idle motion to increase empathy for pain expressed by virtual characters. They are discussed in
line with contemporary empathy models in relation to human-machine interactions.

1. Introduction

Empathy, which is defined as the ability to share and understand the mental states of others [1], has been widely studied in affective
and social neurosciences [1-5]. Although different theoretical models have been proposed to describe its underlying processes,
scholars in neuroscience agree that empathy involves at least two core processes: (1) a mostly automatic emotional sharing of other
people’s states, called affective resonance, which allows an individual to represent what the other person might feel based on one’s
own, similar, affective experiences, and (2) a more controlled cognitive process, called perspective-taking (or mentalising), which
refers to explicit reasoning about others’ mental states [1,5-8].

Electroencephalography (EEG) is a neurophysiological technique that monitors electrical brain activity during an event, such as the
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completion of a task or the presentation of a stimulus (e.g., image, video or sound). One common analysis, called event-related po-
tential (ERP), involves analysing the electrophysiological response, i.e., changes or ‘waves’ in the electrical signal reflecting the neural
changes associated with this specific event. An ERP is usually described according to its polarity (negative [N] or positive [P]), its
latency from the presentation of the event, typically expressed in milliseconds (e.g., 300), and its location on the scalp based on
standardized frames of reference [9,10]. In pain empathy EEG literature, studies using an ERP analysis suggested a dissociation in
timing between affective resonance and perspective-taking [11-13]. In a seminal study, Fan & Han [12] recorded ERP to pictures of
hands in painful situations compared to hands in neutral situations. Hand pictures elicited early negative ERP components (i.e. with a
negative polarity) measuring between 110 and 300 ms (N110 or N200) which were greater in the painful condition, and their
magnitude was correlated with self-unpleasant feeling. The authors proposed that this early differentiation between painful and
neutral stimuli reflects affective resonance when seeing someone in pain. By contrast, a greater amplitude for the painful situations in
later evoked potentials, occurring between 360 and 800 ms (P3 or LPP), were associated with the cognitive evaluation of other’s pain,
namely the mechanism of perspective-taking. These ERP findings have been reproduced multiple times (e.g., Refs. [11,13-16]; see
Ref. [17] for a meta-analysis and some limitations), supporting the original proposal of Fan & Han [12] regarding the temporal dy-
namic features of pain empathy processes.

‘Classical’ stimuli of pictures depicting injured limbs (e.g. Refs. [12,14], or facial expressions of pain (e.g., 2012 [13,14,18-20])
have led to great advances in the understanding of human empathy. Now, however, there is a need for more ecological paradigms,
namely to create experimental setups that reproduce the complexity and fluidity of empathic interactions in a controlled manner [5,21,
22]. Thus, virtual reality appears to be a powerful tool in the domain of social cognition as it preserves the rigorous control and
constraints imposed by experiments while simulating a natural interaction [21,23-26]. In particular, more and more paradigms using
expressive computer-generated characters (virtual humans) have been developed [27,28].

Despite expressing enthusiasm for virtual human stimuli, scientists acknowledge their limits: virtual representations of humans
cannot be perceived with the same familiarity as real humans, even when they are highly realistic [24,28,29]. Evidence shows that this
perceptual divergence also impacts neural processing, as certain differences in brain activations associated with emotion perception
are observed when comparing virtual characters and humans [12,30-34]. For instance, in Fan & Han [12], the authors compared the
neural responses evoked by pictures of human hands with those evoked by cartoons of these hand pictures. Unlike the hand stimuli, the
cartoons elicited no significant different response between the painful and neutral stimuli for the N200 component, suggesting that the
cartoons failed to trigger an early automatic affective resonance. This interpretation was corroborated by the lack of correlation be-
tween the ERP amplitudes evoked by painful cartoons and the scores of self-unpleasantness. Overall, these findings offer compelling
evidence that the reaction toward an emotion expressed by a virtual character may be partially artificial (i.e., a lack of emotional
resonance towards its facial expression). So, the genuineness of the facial expression of virtual characters needs to be enhanced in order
to provoke a more spontaneous affective reaction in individuals who interact with them.

One way to achieve this goal is to consider a fundamental characteristic of human beings, that is, we are constantly moving, even
very slightly [35]. Thus, one way to enhance the anthropomorphism of virtual characters would be to infuse them with idle motion.
This motion refers to all movements that are permanently present in humans, such as postural oscillations, breathing or blinking [36].
Recent studies by our group have demonstrated the potential of idle body animation to enhance the perceived intensity and believ-
ability of facial expressions of pain in a virtual human [37], as well as self-reported empathic response towards its facial expressions of
pain [38]. Using a within-subject design, the objective of this study was to extend these previous findings using EEG to investigate how
the presence of idle motion affects the neural processing associated with both affective and cognitive components of empathy when
viewing a virtual character animated with a facial expression of pain. Based on previous studies [12,32], it was hypothesised that idle
motion would modulate specifically the early ERPs associated with affective resonance (P2 and N2-N3 fronto-central [12,13,17]),
while no significant difference between the Idle and Still conditions would be observed for the later component associated with
perspective-taking (LPP central-parietal [12,13,17] and right central-parietal [39]).

2. Method
2.1. Participants

Twenty young adults who reported no neurological or psychiatric disorder took part in the experiment (7 women, mean age = 23.1
+ 3.8 years, range = 18-29 years). The sample size was based on previous studies with a similar design [12-14,40,41]. Each
participant had normal or corrected-to-normal vision. The study was approved by the Ethics Committee of Paris-Saclay University
(#CER-Paris-Saclay-2020-147) and conducted in accordance with the Declaration of Helsinki. Participants gave written informed
consent to take part in this study.

2.2. EEG recording
EEG activity was recorded continuously from 64 active electrodes (actiCAP slim, Brain Products GmbH, Gilching, Germany) at a

frequency of 5000 Hz with acquisition reference at FCz. Electrode impedances were kept under 50 kQ. Blinking was detected using an
electrooculogram (EOG) (two electrodes placed above and below the left eye) and Fpl and Fp2 electrodes.
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2.3. Stimuli

The stimuli consisted of two video clips (duration = 1 s) showing the upper body of a virtual young white adult male character from
the Empathy-Enhancing Virtual Evolving Environment (EEVEE) [21]. The video clips were created using Blender® (Blender Foun-
dation, Amsterdam, Netherlands). The virtual character was animated with a dynamic facial expression of pain, either with body
animation (Idle condition, see the Body Animation section below for a detailed description of the method) or without body animation
(Still condition).

2.3.1. Animation of facial expression of pain

The character’s facial expression of pain was created using Action Units (AUs) according to the Facial Action Coding System (FACS)
[42]. The characteristic AUs from the facial expression of pain [AU4 (brow lowerer), AU6 (cheek raiser), AU7 (lid tightener), AU9
(nose wrinkler), AU10 (upper lip raiser) and AU43 (eyes closed); and five occasional AUs (AU12 (lip corner puller), AU20 (lip
stretcher), AU25 (lips part), AU26 (jaw drop) and AU27 (mouth stretch)] [43] were manipulated using Blender to create the dynamic
facial expression of pain. Each video began with the character showing an expression of pain at 40% of maximal intensity. The level of
the AUs were increased linearly to reach 60% of maximal intensity over a period of 400 ms (ms). The expression of pain was then
maintained for 600 ms until the end of the clip (see Fig. 1).

2.3.2. Body Animation

In the Idle condition, the character’s body was animated with pre-recorded human postural oscillations, i.e., movements resulting
from dynamic human equilibrium and breathing [35,44]. For the Still (neutral) condition, the character’s body was fixed at the initial
posture in the pre-recorded motion capture sequence. (see the method section of Treal et al., 2021 for details).

“Motion capture data: kinematic data were collected on a young man (age = 20, with anthropometric characteristics similar to the
virtual character). He was instructed to stand naturally with his arms alongside his body without moving his feet and looking straight
ahead. Data were collected using a Qualisys optoelectronic motion capture system (Goteborg, Sweden) composed of eight infrared
cameras sampled at 50 Hz. Markers were placed on the following anatomical landmarks: head of the fifth and first metatarsals, medial
and lateral malleolus, medial and lateral femoral condyles, anterior superior iliac spine, zyphoid process at the lower part of the
sternum, L5, C7, nasion, acromion process, olecranon, processus styloideus of the ulna and radius [45]. Three more markers were
added to record respiratory movements: two on the sternal extremity of the clavicle and one on the navel. The markers’ positions were
imported and applied on a virtual skeleton to animate the character using Blender® (Blender Foundation, Amsterdam, Netherlands).
The corporeal envelope of the character was mapped on the skeleton in Blender and the link between the envelope and the skeleton
was set using the “automatic weighted” option available in Blender” (taken from Treal et al., [38], p3 with authors’ permission). For a
visualisation of postural oscillations on the virtual human, see the online version of Treal et al., [38], Supplementary Information 2 to
6: https://doi.org/10.1038/s41598-021-91710-5.

2.4. Task and procedure

Once participants had given their written informed consent, the EEG net was installed, and the impedance gel applied to the
electrodes. Participants then received instructions for the task. The task was programmed using Psychopy [46] and displayed on a
computer screen (20-inch monitor, 60 Hz refresh state, resolution = 1680 x 1050 pixels) at a viewing distance of 70 cm from the
participants. Each trial began with the presentation of a black screen (duration = 1000 ms), followed by a white fixation cross
(duration = 1000-1800 ms) and a video clip (duration = 1000 ms). Participants were instructed to look at the fixation cross until the
start of the video clip, and not to blink from the beginning of the fixation cross to the end of the video clip. After the video clip,
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Fig. 1. Left: virtual character’s facial expression of pain at the beginning of the clip (AUs at 40% of maximum contraction). Middle and right: virtual
character’s facial expression of pain from 400 ms to 1000 ms (AUs at 60% of maximum contraction).
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participants were asked to judge the intensity of the character’s expression of pain by sliding a cursor along a visual analogue scale
(VAS) (Left extremity “Mild pain”, Right extremity “Very intense pain” [In French “Douleur peu intense” and “Douleur tres intense”]).
The cursor was displayed initially in the middle of the VAS. Each stimulus was displayed 100 times for a total of 200 trials for the task
(100 trials * two body conditions). The order of stimuli was randomised across the task. After every 20 trials, a pause screen was
displayed and participants clicked on a rectangle in the middle of the screen when they were ready to resume the task. Before the
experimental phase, participants performed a familiarisation phase composed of 20 trials (10 trials of each condition displayed
randomly). Task duration was approximately 30 min.

2.5. Data analysis

Statistical analyses were performed using Scipy [47]. For all statistical analyses, alpha was set at 0.05 and Cohen’s d was reported as
effect size when a paired t-test was performed.

2.5.1. Behavioural data analysis

Pain intensity rating. The position of the cursor along the scale was converted into numerical values between 0 (“Mild pain™) and 100
(“Very intense pain”). The average pain rating was calculated for each condition of body animation (Idle and Still). A paired t-test was
then performed on the pain rating between the Idle and Still conditions.

2.5.2. ERP preprocessing and analysis

All EEG analyses were performed using MNE-Python0.21 [48]. Data were resampled offline at a frequency of 500 Hz, band pass
filtered (0.1 and 40Hz) and an additional 50-Hz notch filter was used to reduce electrical noise. A visual inspection was performed to
manually identify bad channels, which were then removed and interpolated. After that, the signal was re-referenced using the average
of all electrodes. The epochs were then created using a 100-ms pre-stimulus baseline. Epochs containing eye blinks or values exceeding
+150 pV were excluded from analysis. All data sets per participant contained at least 50 epochs per condition without artefacts (min =
58, mean = 88.03 + 11.67). Time windows were based on previous studies [13,14,39] and were adjusted using the aggregate grand
average from trials of our data [49]. The mean amplitudes of the P2 (185-245 ms) and the N2-N3 (250-400 ms) components were
calculated at the fronto-central electrodes (FCz, Cz, FC1, FC2, C1, C2), the LPP (600-1000 ms) component at centro-parietal electrodes
(cLPP; Cz, CPz, C1, CP1, C2, CP2; [17]) and right centro-parietal electrodes (rLPP; C4, C6, CP4, CP6; [39]). Two-tailed paired t-tests
were then performed on each ERP between the Idle and Still conditions. If there was a significant difference between potentials, a
Pearson correlation was performed between the difference in the significant ERP amplitude in each condition (ERP Idle - ERP Still) and
the difference in the pain judgment in each condition (Pain judgment Idle — Pain judgment Still). A comparison between the correlations
[50] was then performed.

3. Results
3.1. Pain intensity rating

The paired t-test revealed that participants rated the expression of pain as significantly more intense in the Idle condition (mean =
40.35, 95% CI [32.32, 48.38], std = 18.33) than in the Still condition (mean = 38.38, 95% CI [30.11, 46.65], std = 18.88) [t (19) =

3.23,p =.004, d = 0.74].
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Fig. 2. Average time-course for event-related potentials in the Idle and Still conditions recorded at the fronto-central electrodes (C1, C2, Cz, FC1, FC2,
FCz). (*p < .05).



T. Treal et al. Heliyon 9 (2023) e18161

ERPs. P2: The paired t-test revealed no significant difference on the P2 component between the Idle (mean = —0.77 pV, 95% CI
[-1.6, 0.06], std = 2.06) and Still conditions (mean = —0.71 uV, 95% CI [—1.47, 0.05], std = 1.92) [t (19) = —0.40, p = .697,d =
—0.09] (Fig. 2).

N2-N3: The paired t-test revealed that the N2-N3 component was significantly more negative in the Idle condition (mean = —1.54
BV, 95% CI [—2.29, —0.79], std = 2.04) than in the Still condition (mean = —1.25 pV, 95% CI [—2.00, —0.49], std = 2.06) [t (19) =
—2.24, p =.037, d = —0.51] (Fig. 2).

cLPP: The paired t-test revealed no significant difference on the cLPP between the Idle (mean = 1.81 pV, 95% CI [1.15, 2.47], std =
1.86) and Still conditions (mean = 2.1 pV, 95% CI [1.48, 2.71], std = 1.79) [t (19) = —1.11, p = .282, d = —0.25] (Fig. 3).

rLPP: the paired t-test revealed that rLPP was significantly more positive in the Idle condition (mean = 0.88 pV, 95% CI [0.26, 1.5],
std = 1.91) than in the Still condition (mean = 0.41 pV, 95% CI [—-0.18, 1.01], std = 1.76) [t (19) = 2.42, p = .026, d = 0.56] (Fig. 4).

Pearson correlations between the effect of idle motion on behavioural measures and on significant cerebral measures: Correlations were
then performed for the N2-N3 and rLPP ERPs. The difference in the pain rating between Idle and Still conditions was not significantly
correlated with the difference in N2-N3 amplitude between the two conditions [r(19) = 0.25, p = .289]. The difference in the pain
rating between the Idle and Still conditions was significantly correlated with the difference in the rLPP amplitude between the Idle and
Still conditions [r(19) = 0.46, p = .041] (Fig. 5). The difference between these two correlations was not significant (95% CI [—0.66,
0.24]).

4. Discussion

This study aimed to investigate whether idle motion, and specifically biological postural oscillations, would increase the affective
expressiveness of a virtual character. The results of an event-related potential (ERP) analysis revealed an increased neural response
associated with empathy for its facial pain expression. In line with previous studies [37,38], participants reported perceiving the
virtual’s character facial expression of pain as more intense when it was animated with biological postural oscillations (Idle condition)
compared to a condition where its body was fixed (Still condition). More importantly, the ERP results showed that both early affective
and, contrary to our original hypothesis, late cognitive processes of empathy for pain were affected by the presence of idle motion
compared to the Still condition. Indeed, the early affective N2-N3 (Fig. 2) and the later cognitive rLPP (Fig. 4) were greater in the Idle
condition than in the Still condition. Interestingly, the difference in rLPP amplitudes between the Idle and Still conditions was positively
correlated with the difference in the pain intensity rating between the Idle and Still conditions (Fig. 5).

4.1. Idle motion enhanced the affective resonance towards the virtual human'’s facial expression of pain

As others have proposed [13,39], we suggest that the N2-N3 at fronto-central pooled electrode sites is associated with the affective
resonance component of empathy. Our results were consistent with those of previous studies that manipulated stimulus realism using
cartoons created from pictures of human hands [12,51]. It is also in line with existing works showing that the neural response
associated with affective resonance when viewing someone in pain was modulated by social factors influencing the degree of inter-
personal similarity (i.e., ethnicity ([52] for a review) or social membership [53,54]). Moreover, this finding was similar to a recent
fMRI study showing that facial expressions of fear in real humans evoked stronger responses in the affective resonance network (ACC,
Insula Anterior) than expressions of fear in their avatars [32].

Interestingly, a weaker resonance was reported by Gu & Han [51] in an fMRI study showing that the Anterior Cingulate Cortex
(ACC) activity associated with empathy for pain was stronger for the pictures than for the cartoons. The authors interpreted this result
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Fig. 3. Average time course for event-related potentials in the Idle and Still conditions recorded at the centro-parietal electrodes (C1, C2, Cz, CP1,
CP2, CPz).
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Fig. 4. Average time course for event-related potentials in the Idle and Still conditions recorded at the right centro-parietal electrodes (C4, C6, CP4,
CP6). (*p < .05).
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Fig. 5. Correlation between the difference in the pain rating in the Idle and Still conditions and the difference in right late positive potential (rLPP)
amplitude in the Idle and Still conditions.

in relation with the empathy model proposed by Goubert et al. [55], which distinguished between bottom-up (e.g., features of
incoming stimuli) and top-down (features that the observer acknowledges about the situation) processes. They suggested that both
processes associated with the decoding of others’ pain may lead to differences in brain activation between painful cartoons and painful
pictures. Indeed, participants perceived the pictorial divergence between cartoons and pictures (bottom-up processes), and
acknowledged that one of the presented stimuli was less realistic (top-down processes). Here, while participants are conscious that the
virtual human is not real (top-down processes), the presence of idle motion may have specifically modulated the bottom-up processes
by enhancing the virtual character’s human-like appearance. Thus, the presence of slight movements would be sufficient to signifi-

cantly improve the anthropomorphism of the virtual human, inducing a higher resonance when observing the virtual human’s
expression of pain.

4.2. Idle motion enhanced the cognitive component of empathy for pain

The late cognitive (rLPP) component commonly associated with perspective-taking in the context of pain empathy [14,17,39] was
greater when idle movements were added to the virtual human than when its body was fixed. This result was unexpected given
previous works exploring the influence of stimuli realism on pain empathy neural correlates [12,32]. Indeed, in Fan & Han [12] the
late cognitive component of pain empathy was similar for both painful cartoons and painful pictures. In the same vein, Kegel and
collaborators [32] observed no significant differences between virtual and real humans in regions associated with perspective-taking
[e.g. Temporo-Parietal Junction (TPJ)], suggesting that the perceptual divergence between virtual and human characters would affect
specifically the mechanism underlying affective resonance.



T. Treal et al. Heliyon 9 (2023) e18161

This result on the rLPP could be interpreted in relation with an EEG study that specifically manipulated the degree of anthropo-
morphism of non-human stimuli (i.e. pictures of vegetables) that were stimulated painfully [39]. Prior to the vegetables being pricked
by a needle (painful condition) or touched by a cotton swab (non-painful condition), they were given either a human name to increase
their anthropomorphic features (humanisation process) or a neutral adjective (no humanisation). Then, the extent to which partici-
pants implicitly associated the stimuli to either a human or an object was assessed in a specific test. Participants who were sensitive to
the attribution of these minimal cues of humanness elicited a greater response of the P3 (another ERP associated with
perspective-taking) at the right central-parietal electrodes when watching the named vegetables compared to the vegetables assigned
an adjective. Here, a similar humanisation process could be associated with the greater rLPP when the pain-expressing virtual
character was animated with idle motion compared to when it was still. As already suggested, the presence of idle motion would
strengthen the virtual human’s anthropomorphism, making it appear more human. This added humanness would have positively
influenced the perception of its facial expression of pain, inducing a higher mind attribution to the virtual human, favouring the
adoption of its perspective when perceiving its facial expression of pain.

The correlation analyses indicated that the relationship between the effect of idle motion (i.e. idle condition - still condition) on
participants’ pain rating and its effect on the amplitude of rLPP appeared stronger than the relationship between the effect of idle
motion on pain ratings and its effect on the amplitude of N2-N3. The former positive correlation suggests that the more idle motion
contributed to strengthen mentalising with the virtual character, the more the participants rated the pain as intense compared to the
Still condition. Idle condition This finding raises the classic question of the relationship between neural and behavioural responses during
tasks involving empathy for pain. Evidence of a link between ERP amplitude and subjective reports of other’s pain intensity is quite
scarce and heterogeneous in the EEG literature [12,17,40]. In this study, the positive correlation between the difference in the idle
effect on both other’s pain rating and rLPP amplitude, but not with the early N2-N3 component, suggests that the subjective evaluation
of others’ pain is more closely related with the late cognitive component of empathy. This is consistent with Cheng and collaborators
[40], who showed that the LPP amplitude elicited by stimuli of others experiencing pain was significantly correlated with ratings of
pain intensity. However, the conclusion regarding a relationship between the cognitive component associated with pain empathy and
the judgement of others’ pain must be taken with caution due to the small sample size of this study (see Limitations of the study section
below).

4.3. Towards the use of biological motion for idle animation in virtual characters?

The biological dimension of the idle movements could be primordial in this process of mind attribution, and favour a greater
elicitation of empathy for a virtual character. This hypothesis is supported by recent empirical studies showing that biological motion
in virtual characters enhanced both their acceptability [56] and visual attention of participants [57] compared to mechanical motion.
Moreover, it is consistent with fMRI literature suggesting that the ERPs reflecting perspective-taking were aligned with the rTPJ [14,
58], a cerebral region that would also be related with both the detection of biological motion and the process of mind attribution (Lee &
McCarthy, 2016) [59]. When idle motion is implemented in the form of biological motion, it could lead to early categorisation of the
virtual character as human, resulting in a greater empathic response to the character’s expression of pain. Biological motion would be
perceived at an early preattentive stage [60] and then serve as a perceptual ‘life detector’ [61,62].

4.4. Limitations of the study and suggestions for future research

Spurred by this pilot study, biological idle motion may appear as a relevant tool for enhancing the behavioural realism of a virtual
character when interacting with a human person. However, some limitations must be addressed. The main limit concerns the study’s
sample size. Thus, these preliminary results would have to be confirmed in future studies with a larger sample, particularly to confirm
the interpretations of the correlation analysis. Indeed, it is plausible that the correlation between the differences in still and idle
conditions concerning pain rating and N2-N3 amplitude may become significant with a larger sample size.

A second limitation of this study is that there was only a single virtual male character throughout the experiment, which could
potentially result in a habituation effect. It would be interesting to use several distinct virtual characters, including females, to reduce
potential habituation effects, and to examine and/or control for a gender effect when estimating other’s pain [63]. Additionally, some
studies suggested that users, especially women, would prefer to interact with a female character than with a male character [64,65],
which further prompts the use of diverse characters. Moreover, it would be interesting to conduct this experiment with different af-
fective states to examine whether the impact of idle motion on affective resonance can be generalised to other negative non-verbal
expressions such as fear, positive emotions such as joy, or more complex emotions such as boredom.

Finally, further studies directly comparing biological and mechanical idle motion are required to examine whether the biological
dimension of idle movements (and if so, which attributes of these movements) influence the way we empathise with the virtual human.
Another hypothesis that remains to be tested is whether the biological dimension (taken from actual human movement) of idle motion
would be a necessary element for the ‘suspension of disbelief” when using virtual humans in emotion research. Suspension of disbelief
requires accepting that a virtual human can think and feel emotions, attributing a mind to it despite being fully conscious of its unreal
nature [24]. This appears essential for the validation of paradigms using virtual humans. The link between greater pain empathy for a
virtual human and the phenomenon of suspension of disbelief is speculative and needs to be verified in future works.
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5. Conclusion

The field of human-machine interactions may benefit from the development of more realistic agents in the context of empathy
research, which is focused on making their emotion appear more genuine in order to provoke a spontaneous reaction from participants.
In this context, a new problematic is emerging, examining the potential of idle motion, in particular, biological postural oscillations
reproducing human dynamic equilibrium, to strengthen the illusion that a virtual human may really feel the emotion that it is
expressing. Taken together, these results confirm the usefulness of idle motion to create a more ecological emotional reaction to a
virtual human expressing pain. Based on the bulk of evidence showing that the visual system is particularly sensitive to biological
motion, it was argued that biological motion would appear as a powerful signature of humanness, and thus, might be decisive in
enhancing the behavioural realism of a virtual human. In addition to its theoretical issues, improving the behavioural realism of virtual
humans may be important when using such virtual platforms in applied contexts, such as a tool for the remediation of social cognition
disorders (autism, schizophrenia) or to train clinical empathy in healthcare providers.

Declarations
The study was approved by the Ethics Committee of Paris-Saclay University (#CER-Paris-Saclay-2020-147).
Author contribution statement

Thomas Tréal: Conceived and designed the experiments; Performed the experiments; Analyzed and interpreted the data;
Contributed reagents, materials, analysis tools or data; Wrote the paper.

Philip L. Jackson: Analyzed and interpreted the data; Contributed reagents, materials, analysis tools or data; Wrote the paper.

Aurore MEUGNOT: Conceived and designed the experiments; Analyzed and interpreted the data; Contributed reagents, materials,
analysis tools or data; Wrote the paper.

Data availability statement

Data will be made available on request.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

The author would like to thank Gabriela Gomes Fernandes for her help in data collection. TT received scholarships from the Paris-
South University, France.

References

[1] J. Decety, P.L. Jackson, The functional architecture of human empathy, juin, Behav. Cognit. Neurosci. Rev. 3 (2) (2004) 71-100, https://doi.org/10.1177/
1534582304267187.
[2] B.C. Bernhardt, T. Singer, The neural basis of empathy, Annu. Rev. Neurosci. 35 (2012) 1-23, https://doi.org/10.1146/annurev-neuro-062111-150536.
[3] J. Jauniaux, A. Khatibi, P. Rainville, P.L. Jackson, A meta-analysis of neuroimaging studies on pain empathy: investigating the role of visual information and
observers’ perspective, aoiit, Soc. Cognit. Affect Neurosci. 14 (8) (2019) 789-813, https://doi.org/10.1093/scan/nsz055.
[4] C.Lamm, J. Decety, T. Singer, Meta-analytic evidence for common and distinct neural networks associated with directly experienced pain and empathy for pain,
févr, Neuroimage 54 (3) (2011) 2492-2502, https://doi.org/10.1016/j.neuroimage.2010.10.014.
[5] J. Zaki, K.N. Ochsner, The neuroscience of empathy: progress, pitfalls and promise, Nat. Neurosci. 15 (5) (2012), https://doi.org/10.1038/nn.3085. Art. no 5,
mai.
[6] G. Bird, E. Viding, The self to other model of empathy: providing a new framework for understanding empathy impairments in psychopathy, autism, and
alexithymia, nov, Neurosci. Biobehav. Rev. 47 (2014) 520-532, https://doi.org/10.1016/j.neubiorev.2014.09.021.
[7]1 M.-P. Coll, et al., Are we really measuring empathy? Proposal for a new measurement framework, Neurosci. Biobehav. Rev. 83 (2017) 132-139, https://doi.org/
10.1016/j.neubiorev.2017.10.009, déc.
[8] B.M.P. Cuff, S.J. Brown, L. Taylor, D.J. Howat, Empathy: a review of the concept, avr, Emot. Rev. 8 (2) (2016) 144-153, https://doi.org/10.1177/
1754073914558466.
[9] C.M. Michel, M.M. Murray, Towards the utilization of EEG as a brain imaging tool, juin, Neuroimage 61 (2) (2012) 371-385, https://doi.org/10.1016/j.
neuroimage.2011.12.039.
[10] M.M. Murray, D. Brunet, C.M. Michel, Topographic ERP analyses: a step-by-step tutorial review, juin, Brain Topogr. 20 (4) (2008) 249-264, https://doi.org/
10.1007/s10548-008-0054-5.
[11] J. Decety, C.-Y. Yang, Y. Cheng, Physicians down-regulate their pain empathy response: an event-related brain potential study, mai, Neuroimage 50 (4) (2010)
1676-1682, https://doi.org/10.1016/j.neuroimage.2010.01.025.
[12] Y. Fan, S. Han, Temporal dynamic of neural mechanisms involved in empathy for pain: an event-related brain potential study, Neuropsychologia 46 (1) (2008)
160-173, https://doi.org/10.1016/j.neuropsychologia.2007.07.023.
[13] P. Sessa, F. Meconi, S. Han, Double dissociation of neural responses supporting perceptual and cognitive components of social cognition: evidence from
processing of others’ pain, Sci. Rep. 4 (1) (2014), https://doi.org/10.1038/srep07424. Art. no 1, déc.


https://doi.org/10.1177/1534582304267187
https://doi.org/10.1177/1534582304267187
https://doi.org/10.1146/annurev-neuro-062111-150536
https://doi.org/10.1093/scan/nsz055
https://doi.org/10.1016/j.neuroimage.2010.10.014
https://doi.org/10.1038/nn.3085
https://doi.org/10.1016/j.neubiorev.2014.09.021
https://doi.org/10.1016/j.neubiorev.2017.10.009
https://doi.org/10.1016/j.neubiorev.2017.10.009
https://doi.org/10.1177/1754073914558466
https://doi.org/10.1177/1754073914558466
https://doi.org/10.1016/j.neuroimage.2011.12.039
https://doi.org/10.1016/j.neuroimage.2011.12.039
https://doi.org/10.1007/s10548-008-0054-5
https://doi.org/10.1007/s10548-008-0054-5
https://doi.org/10.1016/j.neuroimage.2010.01.025
https://doi.org/10.1016/j.neuropsychologia.2007.07.023
https://doi.org/10.1038/srep07424

T. Treal et al. Heliyon 9 (2023) e18161

[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]

[46]
[47]

[48]
[49]

[50]
[51]

[52]
[53]

M.-P. Coll, M.-P.B. Tremblay, P.L. Jackson, The effect of tDCS over the right temporo-parietal junction on pain empathy, juin, Neuropsychologia 100 (2017)
110-119, https://doi.org/10.1016/j.neuropsychologia.2017.04.021.

C.M. Galang, M. Jenkins, S.S. Obhi, Exploring the effects of visual perspective on the ERP components of empathy for pain, Soc. Neurosci. 15 (2) (2020)
186-198, https://doi.org/10.1080/17470919.2019.1674686.

C.M. Galang, M. Jenkins, G. Fahim, S.S. Obhi, Exploring the relationship between social power and the ERP components of empathy for pain, Soc. Neurosci. 16
(2) (2021) 174-188, https://doi.org/10.1080/17470919.2021.1886165.

M.-P. Coll, « Meta-analysis of ERP investigations of pain empathy underlines methodological issues in ERP research, sept, Soc. Cognit. Affect Neurosci. (2018),
https://doi.org/10.1093/scan/nsy072.

S. Huang, S. Han, Shared beliefs enhance shared feelings: religious/irreligious identifications modulate empathic neural responses, nov, Soc. Neurosci. 9 (6)
(2014) 639-649, https://doi.org/10.1080/17470919.2014.934396.

W. Li, S. Han, Behavioral and electctrophysiological evidence for enhanced sensitivity to subtle variations of pain expressions of same-race than other-race faces,
juin, Neuropsychologia 129 (2019) 302-309, https://doi.org/10.1016/j.neuropsychologia.2019.04.008.

F. Sheng, S. Han, Manipulations of cognitive strategies and intergroup relationships reduce the racial bias in empathic neural responses, juill, Neuroimage 61 (4)
(2012) 786-797, https://doi.org/10.1016/j.neuroimage.2012.04.028.

P.L. Jackson, P.-E. Michon, E. Geslin, M. Carignan, D. Beaudoin, EEVEE: the empathy-enhancing virtual evolving environment, Front. Hum. Neurosci. 9 (2015),
https://doi.org/10.3389/fnhum.2015.00112.

J. Zaki, K. Ochsner, The need for a cognitive neuroscience of naturalistic social cognition, juin, Ann. N. Y. Acad. Sci. 1167 (2009) 16-30, https://doi.org/
10.1111/j.1749-6632.2009.04601.x.

D. Bombari, M. Schmid Mast, E. Canadas, M. Bachmann, Studying social interactions through immersive virtual environment technology: virtues, pitfalls, and
future challenges, juin, Front. Psychol. 6 (2015), https://doi.org/10.3389/fpsyg.2015.00869.

B. de Gelder, J. Kétsyri, A.W. de Borst, Virtual reality and the new psychophysics, aofit, Br. J. Psychol. 109 (3) (2018) 421-426, https://doi.org/10.1111/
bjop.12308.

X. Pan, AF. de C. Hamilton, Why and how to use virtual reality to study human social interaction: the challenges of exploring a new research landscape, Br. J.
Psychol. 109 (3) (2018) 395-417, https://doi.org/10.1111/bjop.12290.

A. Wykowska, T. Chaminade, G. Cheng, Embodied artificial agents for understanding human social cognition, Phil. Trans. R. Soc. B 371 (1693) (2016),
20150375, https://doi.org/10.1098/rstb.2015.0375.

K. Crookes, et al., How well do computer-generated faces tap face expertise? PLoS One 10 (11) (2015), e0141353 https://doi.org/10.1371/journal.
pone.0141353.

J. Katsyri, B. de Gelder, T. Takala, Virtual faces evoke only a weak uncanny valley effect: an empirical investigation with controlled virtual face images, oct,
Perception 48 (10) (2019) 968-991, https://doi.org/10.1177/0301006619869134.

J. Katsyri, Those virtual people all look the same to me: computer-rendered faces elicit a higher false alarm rate than real human faces in a recognition memory
task, Front. Psychol. 9 (2018). Consulté le: 17 février 2023. [En ligne]. Disponible sur: https://www.frontiersin.org/articles/10.3389/fpsyg.2018.01362.
T.W. James, R.F. Potter, S. Lee, S. Kim, R.A. Stevenson, A. Lang, How realistic should avatars be? An initial fMRI investigation of activation of the face
perception network by real and animated faces, J. Media Psychol.: Theor. Meth. App. 27 (2015) 109-117, https://doi.org/10.1027/1864-1105/a000156.

J. Katsyri, B. de Gelder, A.W. de Borst, Amygdala responds to direct gaze in real but not in computer-generated faces, Neuroimage 204 (2020), 116216, https://
doi.org/10.1016/j.neuroimage.2019.116216.

L. C. Kegel et al., « Dynamic human and avatar facial expressions elicit differential brain responses », Soc. Cognit. Affect Neurosci., vol. 15, no 3, p. 303-317, mai
2020, doi: 10.1093/scan/nsaa039.

E. Moser, B. Derntl, S. Robinson, B. Fink, R.C. Gur, K. Grammer, Amygdala activation at 3T in response to human and avatar facial expressions of emotions,
J. Neurosci. Methods 161 (1) (2007) 126-133, https://doi.org/10.1016/j.jneumeth.2006.10.016.

S. Schindler, E. Zell, M. Botsch, J. Kissler, Differential effects of face-realism and emotion on event-related brain potentials and their implications for the
uncanny valley theory, Sci. Rep. 7 (1) (2017), https://doi.org/10.1038/srep45003. Art. no 1.

L.W. Hunter et, R.E. Kearney, Respiratory components of human postural sway, sept, Neurosci. Lett. 25 (2) (1981) 155-159, https://doi.org/10.1016/0304-
3940(81)90324-4.

A. Egges, T. Molet, N. Magnenat-Thalmann, Personalised real-time idle motion synthesis, in: Computer Graphics and Applications, 2004. PG 2004. Proceedings.
12th Pacific Conference on, 2004, pp. 121-130.

T. Treal, P.L. Jackson, A. Meugnot, Combining trunk movement and facial expression enhances the perceived intensity and believability of an avatar’s pain
expression, nov, Comput. Hum. Behav. 112 (2020), 106451, https://doi.org/10.1016/j.chb.2020.106451.

T. Treal, P.L. Jackson, J. Jeuvrey, N. Vignais, A. Meugnot, Natural human postural oscillations enhance the empathic response to a facial pain expression in a
virtual character, Sci. Rep. 11 (1) (2021), https://doi.org/10.1038/s41598-021-91710-5. Art. no 1, juin.

J. Vaes, F. Meconi, P. Sessa, M. Olechowski, Minimal humanity cues induce neural empathic reactions towards non-human entities, aofit, Neuropsychologia 89
(2016) 132-140, https://doi.org/10.1016/j.neuropsychologia.2016.06.004.

Y. Cheng, A.-Y. Hung, J. Decety, Dissociation between affective sharing and emotion understanding in juvenile psychopaths, mai, Dev. Psychopathol. 24 (2)
(2012) 623-636, https://doi.org/10.1017/5095457941200020X.

P. Sessa, F. Meconi, Perceived trustworthiness shapes neural empathic responses toward others’ pain, déc, Neuropsychologia 79 (2015) 97-105, https://doi.
org/10.1016/j.neuropsychologia.2015.10.028.

P. Ekman, W.V. Friesen, Manual For The Facial Action Coding System. Consulting Psychologists Press, « Facial Action Coding System: A Technique For The
Measurement Of Facial Movement. » California, CA : Consulting Psychologists Press, Palo Alto, 1978.

K.M. Prkachin, The consistency of facial expressions of pain: a comparison across modalities, Pain 51 (3) (1992) 297-306, https://doi.org/10.1016,/0304-3959
(92)90213-U.

R.J. Peterka, Chapter 2 - sensory integration for human balance control, in: Handbook of Clinical Neurology, vol. 159, B. L. Day et S. R. Lord, Ed. Elsevier, 2018,
pp. 27-42, https://doi.org/10.1016/B978-0-444-63916-5.00002-1.

M. Le Goic, et al., An initial passive phase that limits the time to recover and emphasizes the role of proprioceptive information, nov, Front. Neurol. 9 (2018)
986, https://doi.org/10.3389/fneur.2018.00986.

J. Peirce, et al., PsychoPy2: experiments in behavior made easy, févr, Behav. Res. 51 (1) (2019) 195-203, https://doi.org/10.3758/s13428-018-01193-y.

P. Virtanen, et al., SciPy 1.0: fundamental algorithms for scientific computing in Python, Nat. Methods 17 (3) (2020), https://doi.org/10.1038/541592-019-
0686-2. Art. no 3, mars.

A. Gramfort, et al., MEG and EEG data analysis with MNE-Python, Front. Neurosci. 7 (2013), https://doi.org/10.3389/fnins.2013.00267.

J.L. Brooks, A. Zoumpoulaki, H. Bowman, Data-driven region-of-interest selection without inflating Type I error rate: safe data-driven ROI selection,
Psychophysiology 54 (1) (2017) 100-113, https://doi.org/10.1111/psyp.12682, janv.

G.Y. Zou, Toward using confidence intervals to compare correlations, Psychol. Methods 12 (4) (2007) 399-413, https://doi.org/10.1037/1082-989X.12.4.399,
déc.

X. Gu, S. Han, Attention and reality constraints on the neural processes of empathy for pain, mai, Neuroimage 36 (1) (2007) 256-267, https://doi.org/10.1016/
j-neuroimage.2007.02.025.

S. Han, Neurocognitive basis of racial ingroup bias in empathy, mai, Trends Cognit. Sci. 22 (5) (2018) 400-421, https://doi.org/10.1016/j.tics.2018.02.013.
R. Eres, P. Molenberghs, The influence of group membership on the neural correlates involved in empathy, Front. Hum. Neurosci. 7 (2013). Consulté le: 22
février 2023. [En ligne]. Disponible sur: https://www.frontiersin.org/articles/10.3389/fnhum.2013.00176.


https://doi.org/10.1016/j.neuropsychologia.2017.04.021
https://doi.org/10.1080/17470919.2019.1674686
https://doi.org/10.1080/17470919.2021.1886165
https://doi.org/10.1093/scan/nsy072
https://doi.org/10.1080/17470919.2014.934396
https://doi.org/10.1016/j.neuropsychologia.2019.04.008
https://doi.org/10.1016/j.neuroimage.2012.04.028
https://doi.org/10.3389/fnhum.2015.00112
https://doi.org/10.1111/j.1749-6632.2009.04601.x
https://doi.org/10.1111/j.1749-6632.2009.04601.x
https://doi.org/10.3389/fpsyg.2015.00869
https://doi.org/10.1111/bjop.12308
https://doi.org/10.1111/bjop.12308
https://doi.org/10.1111/bjop.12290
https://doi.org/10.1098/rstb.2015.0375
https://doi.org/10.1371/journal.pone.0141353
https://doi.org/10.1371/journal.pone.0141353
https://doi.org/10.1177/0301006619869134
https://www.frontiersin.org/articles/10.3389/fpsyg.2018.01362
https://doi.org/10.1027/1864-1105/a000156
https://doi.org/10.1016/j.neuroimage.2019.116216
https://doi.org/10.1016/j.neuroimage.2019.116216
https://doi.org/10.1016/j.jneumeth.2006.10.016
https://doi.org/10.1038/srep45003
https://doi.org/10.1016/0304-3940(81)90324-4
https://doi.org/10.1016/0304-3940(81)90324-4
http://refhub.elsevier.com/S2405-8440(23)05369-0/sref36
http://refhub.elsevier.com/S2405-8440(23)05369-0/sref36
https://doi.org/10.1016/j.chb.2020.106451
https://doi.org/10.1038/s41598-021-91710-5
https://doi.org/10.1016/j.neuropsychologia.2016.06.004
https://doi.org/10.1017/S095457941200020X
https://doi.org/10.1016/j.neuropsychologia.2015.10.028
https://doi.org/10.1016/j.neuropsychologia.2015.10.028
http://refhub.elsevier.com/S2405-8440(23)05369-0/sref42
http://refhub.elsevier.com/S2405-8440(23)05369-0/sref42
https://doi.org/10.1016/0304-3959(92)90213-U
https://doi.org/10.1016/0304-3959(92)90213-U
https://doi.org/10.1016/B978-0-444-63916-5.00002-1
https://doi.org/10.3389/fneur.2018.00986
https://doi.org/10.3758/s13428-018-01193-y
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.3389/fnins.2013.00267
https://doi.org/10.1111/psyp.12682
https://doi.org/10.1037/1082-989X.12.4.399
https://doi.org/10.1016/j.neuroimage.2007.02.025
https://doi.org/10.1016/j.neuroimage.2007.02.025
https://doi.org/10.1016/j.tics.2018.02.013
https://www.frontiersin.org/articles/10.3389/fnhum.2013.00176

T. Treal et al.

[54]
[55]
[56]
[57]
[58]
[59]
[60]

[61]
[62]

[63]
[64]

[65]

Heliyon 9 (2023) e18161

G. Hein, T. Singer, Neuroscience meets social psychology: an integrative approach to human empathy and prosocial behavior, in: Prosocial Motives, Emotions,
and Behavior: the Better Angels of Our Nature, American Psychological Association, Washington, DC, US, 2010, pp. 109-125, https://doi.org/10.1037/12061-
006.

L. Goubert, et al., Facing others in pain: the effects of empathy, Pain 118 (3) (2005) 285-288, https://doi.org/10.1016/j.pain.2005.10.025.

L. Piwek, L.S. McKay, F.E. Pollick, Empirical evaluation of the uncanny valley hypothesis fails to confirm the predicted effect of motion, Cognition 130 (3)
(2014) 271-277, https://doi.org/10.1016/j.cognition.2013.11.001.

E.H. Williams, F. Cristino, E.S. Cross, Human body motion captures visual attention and elicits pupillary dilation, Cognition 193 (2019), 104029, https://doi.
org/10.1016/j.cognition.2019.104029 déc.

X. Mai, et al., Using tDCS to explore the role of the right temporo-parietal junction in theory of mind and cognitive empathy, Front. Psychol. 7 (2016) 380,
https://doi.org/10.3389/fpsyg.2016.00380.

S.M. Lee, G. McCarthy, Functional heterogeneity and convergence in the right temporoparietal junction, Cerebr. Cortex 26 (3) (2016) 1108-1116, https://doi.
org/10.1093/cercor/bhu292, mars.

M. Hirai, A. Senju, The two-process theory of biological motion processing, Neurosci. Biobehav. Rev. 111 (2020) 114-124, https://doi.org/10.1016/j.
neubiorev.2020.01.010, avr.

M.H. Johnson, Biological motion: a perceptual life detector? Curr. Biol. 16 (10) (2006) R376, https://doi.org/10.1016/j.cub.2006.04.008, 377, mai.

N.F. Troje, C. Westhoff, The inversion effect in biological motion perception: evidence for a “life detector”, Curr. Biol. 16 (8) (2006) 821-824, https://doi.org/
10.1016/j.cub.2006.03.022, avr.

L. Zhang, E.A.R. Losin, Y.K. Ashar, L. Koban, T.D. Wager, Gender biases in estimation of others’ pain, J. Pain 22 (9) (2021) 1048-1059, https://doi.org/
10.1016/j.jpain.2021.03.001.

J. Payne, A. Szymkowiak, P. Robertson, G. Johnson, Gendering the machine: preferred virtual assistant gender and realism in self-service, in: Intelligent Virtual
Agents, Berlin, Heidelberg, 2013, pp. 106-115, https://doi.org/10.1007/978-3-642-40415-3 9.

S. ter Stal, M. Tabak, H. op den Akker, T. Beinema, H. Hermens, Who do you prefer? The effect of age, gender and role on users’ first impressions of embodied
conversational agents in eHealth, Int. J. Hum. Comput. Interact. 36 (9) (2020) 881-892, https://doi.org/10.1080/10447318.2019.1699744.

10


https://doi.org/10.1037/12061-006
https://doi.org/10.1037/12061-006
https://doi.org/10.1016/j.pain.2005.10.025
https://doi.org/10.1016/j.cognition.2013.11.001
https://doi.org/10.1016/j.cognition.2019.104029
https://doi.org/10.1016/j.cognition.2019.104029
https://doi.org/10.3389/fpsyg.2016.00380
https://doi.org/10.1093/cercor/bhu292
https://doi.org/10.1093/cercor/bhu292
https://doi.org/10.1016/j.neubiorev.2020.01.010
https://doi.org/10.1016/j.neubiorev.2020.01.010
https://doi.org/10.1016/j.cub.2006.04.008
https://doi.org/10.1016/j.cub.2006.03.022
https://doi.org/10.1016/j.cub.2006.03.022
https://doi.org/10.1016/j.jpain.2021.03.001
https://doi.org/10.1016/j.jpain.2021.03.001
https://doi.org/10.1007/978-3-642-40415-3_9
https://doi.org/10.1080/10447318.2019.1699744

	Biological postural oscillations during facial expression of pain in virtual characters modulate early and late ERP compone ...
	1 Introduction
	2 Method
	2.1 Participants
	2.2 EEG recording
	2.3 Stimuli
	2.3.1 Animation of facial expression of pain
	2.3.2 Body Animation

	2.4 Task and procedure
	2.5 Data analysis
	2.5.1 Behavioural data analysis
	2.5.2 ERP preprocessing and analysis


	3 Results
	3.1 Pain intensity rating

	4 Discussion
	4.1 Idle motion enhanced the affective resonance towards the virtual human’s facial expression of pain
	4.2 Idle motion enhanced the cognitive component of empathy for pain
	4.3 Towards the use of biological motion for idle animation in virtual characters?
	4.4 Limitations of the study and suggestions for future research

	5 Conclusion
	Declarations
	Author contribution statement
	Data availability statement
	Declaration of competing interest
	Acknowledgments
	References


