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Evoking Physiological Synchrony and 
Empathy Using Social VR with Biofeedback 

Mikko Salminen, Simo Järvelä, Antti Ruonala, Ville J. Harjunen, Juho Hamari, Giulio Jacucci, and 
Niklas Ravaja 

Abstract—!With the advent of consumer grade virtual reality (VR) headsets and physiological measurement devices, new 
possibilities for mediated social interaction emerge enabling the immersion to environments where the visual features react to 
the users’ physiological activation. In this study, we investigated whether and how individual and interpersonally shared 
biofeedback (visualised respiration rate and frontal asymmetry of electroencephalography, EEG) enhance synchrony between 
the users’ physiological activity and perceived empathy towards the other during a compassion meditation exercise carried out 
in a social VR setting. The study was conducted as a laboratory experiment (N=72) employing a Unity3D-based Dynecom 
immersive social meditation environment and two amplifiers to collect the psychophysiological signals for the biofeedback. The 
biofeedback on empathy-related EEG frontal asymmetry evoked higher self-reported empathy towards the other user than the 
biofeedback on respiratory activation, but the perceived empathy was highest when both feedbacks were simultaneously 
presented. In addition, the participants reported more empathy when there was stronger EEG frontal asymmetry 
synchronization between the users. The presented results inform the field of affective computing on the possibilities that VR 
offers for different applications of empathic technologies. 

Index Terms—biofeedback, electroencephalography, empathy, respiration, virtual reality 

——————————   !   —————————— 

1 INTRODUCTION

HE advent of virtual reality (VR) and various means 
to extract, mediate, and visualize affective information 

for virtual environments with biofeedback functionalities 
enable novel applications of affective computing and 
technology-mediated social interaction. Therefore, it is of 
utmost importance to study the psychological effects that 
are related to the use of these technologies. 

Virtual reality (VR) has been advertized as the “ultimate 
empathy machine” capable of placing us into another per-
son’s shoes [1]. There are already some VR applications de-
veloped for evoking empathy, including virtual reality en-
vironments (VRE) that use illusions of body ownership for 
empathy training [2]. In addition, immersive journalism 
may evoke empathy and train empathy-related skills by al-
lowing the change of perspective [3].  

The previous applications build on the perspective tak-
ing aspect of empathy but pay little attention to its affective 
facet, that is, merging of affective states between persons 
[4], [5], [6]. In social settings, empathy is linked to the syn-
chronization of physiological activities between individu-
als [7]. It can thus be assumed that promoting such syn-
chrony by means of VR application could be used to evoke 
greater empathy between users. 

Virtually mediated social interactions enable various 
ways to share and convey information about users’ emo-
tions. Some changes in our emotional states are visible to 
others during social interaction, such as gestures, postures 
and facial expressions, but others, such as heartbeat and 
brain activity, are not directly observable by others [8]. 
With biosensors and VR technology we can bring these 
previously hidden emotional fluctuations in view and, by 
so doing, promote merging of the interactants’ emotional 
states.  

In the current study we investigate how shared visuali-
zations of the user’s physiological signals in social VR 
could contribute to the evoking of empathy in the context 
of social meditation exercise where both participants are 
virtually present.  

1.1 Related work 

1.1.1 Empathy 
Empathy has been defined as a person's ability to un-

derstand the innate states of others and as the merging of 
affective states between persons [4], [5], [6], whereas in 
compassion the other’s emotions and feelings are acknowl-
edged but not felt as such [9]. Similar differentiation has 
been suggested also with the concepts of affective and cog-
nitive empathy [5] and also by the so-called Russian doll 
model of empathy which divides it to multiple layers or 
mechanisms based on the mechanism’s evolutionary his-
tory [10], [11]. The inner core of the model includes motor 
mimicry and emotional contagion and represents phyloge-
netically early mechanism associated with automatically 
activated neural representations of the other person’s feel-
ings [9]. The phylogenetically more recent layers include 
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sympathic concern and perspective taking, or deliberate 
taking of another person’s point of view. The multilayered 
nature of empathy needs to be kept in mind when consid-
ering different subjective and physiological indices of em-
pathy and their visualization.  

1.1.2 Empathy and psychophysiology 
On individual psychophysiological level, empathy has 
been associated with various changes in central nervous 
system activity [12], such as the increased frontal alpha 
asymmetry visible in the 8 – 13 Hz frequency band of 
electroencephalography (EEG), which has previously 
been considered as an index of approach and withdrawal 
motivation [13], [14]. Due to the multifaceted nature of 
empathy it has been related previously to both left and 
right frontal EEG asymmetry. Empathy may be an ap-
proach-related reaction to the suffering of the other, 
which would be related to left frontal asymmetry; right 
frontal asymmetry related empathy can be due to vicari-
ous sharing of the pain or sorrow of the other [14]. 

In social settings, empathy has also been linked to the 
synchronization of physiological activities between indi-
viduals [7]. For example, the synchronization of electroder-
mal activities between a therapist and patient has been re-
lated to perceived empathy towards the therapist [15]. In 
addition to the autonomic nervous system level, synchro-
nization may occur also on the level of brain activities and 
there are specific neural mechanisms that have been pro-
posed as being related to the cortical synchronization [16], 
[17].  

1.1.3 Meditation and biofeedback 
Meditation as a broad concept covers various methods for 
the self-regulating of the mind and the body. The possible 
benefits of meditation have been studied for several dec-
ades, e.g., [18], [19]. There are already some VR and bio-
feedback applications targeted to enhance meditation ef-
fectiveness. For example, electrodermal activation (EDA) 
has been utilized as an index of relaxation in a mindful-
ness-based stress reduction VRE for chronic pain patients 
[20]. In addition, there are VR meditation applications 
that utilize heart rate feedback [21]. 

In some of the meditation traditions the observing of 
breathing is an integral part of the practice and, possibly 
due to the improved emotion regulation by the awareness 
of one’s own internal states, mindful breathing has been 
shown to be related to less mind-wandering and better 
mood [22], [23], [24]. In biofeedback meditation applica-
tions the feedback of respiration rate has been used 
mainly in the purpose to guide the practitioner to deeper 
breathing and slower respiration rate [25], [21], [26]. 

Visual feedback of user’s brain activation, referred to 
as neurofeedback, has also been used in meditation appli-
cations as well as for various other clinical purposes [27], 
[28]. In previous biofeedback meditation applications, 
EEG-based neurofeedback has been utilized for making 
the user aware of his or her brain activation by visualiza-
tion or sonification of the EEG, e.g. [29], or to guide the 
user to achieve a certain state, e.g. [30], [31], [32]. For neu-
rofeedback purposes the oscillatory responses of the EEG 

are used most commonly. Previous studies have identi-
fied specific EEG frequency bands for attentional, affec-
tive, and memory processes, [33], [34], as well as for med-
itative states, for a review, see [35]. 

2! CURRENT STUDY AND HYPOTHESIS 
Biofeedback has been utilized previously in solitary medi-
tation applications that have been targeted to relaxation 
or attentional processes. However, to the best of our 
knowledge, there are no social biofeedback VREs where 
the synchronized physiological activities of two or more 
users would be visualized for the purpose of empathy 
training. To fill this gap, we have developed a social bio-
feedback VRE for the conducting of simplified empathy 
exercises, that are inspired by traditional meditation prac-
tices. The biofeedback functionality that provides infor-
mation on the synchronization of the physiological sig-
nals between two users is suggested to benefit the con-
ducting of these empathy exercises.  

Modern consumer grade VR devices allow for more 
immersive and engaging environments to train empathy 
and also other affective skills. In addition, bio-feedback 
functionalities could enhance the training of various affec-
tive skills by making visible the otherwise hidden bodily 
responses. It is thus important to study the possibilities 
that these new and emerging technologies could have in 
training of these skills that can contribute to human flour-
ishing. In future, these types of functionalities could be 
utilized also in various types of communication and en-
tertainment purposes. 

The current study contributes also to the wider fields 
of affective computing and social signal processing. In 
line with the suggestions by Chanel and Mühl [8], we pre-
sent a system for computer-mediated interaction between 
human users that utilizes individual user’s physiological 
signals as novel social cues and also uses inter-user physi-
ological indices as an information of the interaction. 

In the current VRE, we included visual feedback of 
both, respiration and EEG activation to promote per-
ceived empathy and physiological synchrony between the 
users. We suggest that the reported empathy would be 
highest in a condition where both these functionalities 
were used given that there would then be most infor-
mation available for the users to interpret and to evoke 
contagious affective reactions.  

Some of the physiological changes are visible to the 
partners during social interaction, such as blushing, but 
other changes, such as heartbeat, are not directly observa-
ble by others, e.g., [8]. However, with the current technol-
ogy it is possible to measure, visualize and mediate both 
these types of signals as a form of social information. This 
would serve as a one mean to widen the otherwise often 
narrow bandwidth of computer mediated communica-
tion. In addition, respiration is, at least partly, voluntary 
action which is rather straightforward to control, whereas 
EEG activation may be more difficult to control. Previ-
ously it has been shown that aurally presented heart rate 
(HR) of the other person may be interpreted as a socially 
relevant signal conveying affective information [36], and 
HR visualization has been shown to lead to increased HR 
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linkage and experienced social presence [37]. It is possible 
that technologically mediated breathing rate of the part-
ner would be interpreted similarly as a relevant signal 
when pursuing to evoke empathy towards the other. On 
the other hand, it may be that the EEG activation related 
to empathy processing is considered as a more informa-
tive affective signal than breathing since it’s more easily 
associated with psychological processes than the rather 
mechanistic breathing.  

In the VR, the users are often represented as avatars. To 
study the effects of social presence, we compare two ex-
perimental conditions: one in which the users did the em-
pathy exercise with another avatar (representing another 
human participant) and another in which they are facing 
a cold, inanimate, statue. This comparison enables to 
study the difference in evoking empathy when only ones’ 
own biofeedback visualizations are present versus when 
also the other participants’ visualizations are shown.  

In concentrative meditation, the focus is often targeted 
to a specific mental or sensory target, such as a visual ob-
ject, repeated sound, or a bodily activity like breathing 
[35]. We intend to study, whether an inanimate visual ob-
ject could be used also in empathy-evoking meditative 
practice, or if a visual object representing another human 
with biofeedback visualizations would be more effective. 
We suggest that it would be easier for the user to evoke 
empathy towards the opposing object if it represents an-
other human being and shows also biofeedback visualiza-
tions instead of it being a cold inanimate object [e.g., 38].  

Given the preceding review of previous research, we 
suggest the following two hypotheses: 

H1: Biofeedback functionality evokes heightened self-re-
ported empathy in a social VR empathy exercise. 

H2: There is higher self-reported empathy after conditions 
where the empathy is targeted towards a VR avatar (represent-
ing a human participant) than in conditions where empathy is 
targeted towards a cold inanimate object that doesn’t represent 
a human participant.  

3! THE EMPIRICAL STUDY 

3.1 Participants 
The participants were 72 persons, contacted through mail-
ing lists of university student unions. Alltogether, they 
formed 36 same-sex dyads, of which 22 dyads were fe-
male-female, and 14 dyads were male-male pairs. The 
participant’s ages ranged between 19 and 50 years, with a 
mean age of 26.11 years (SD = 6.10). The dyad members 
were acquaintances, who had known each other on aver-
age for 7.4 years (SD = 6.3). As a compensation for their 
time in the experiment, each of the participants received 
two movie tickets. One participant chose to discontinue 
the experiment because of experienced distress; the re-
spective dyad was excluded from the analyses. In addi-
tion, due to technical issues the experiment had to be 
stopped for one dyad and they also were excluded from 
further analyses. Following the Declaration of Helsinki, 
written consent was obtained from all the participants. 
The experiment was planned and conducted following 
the recommendations of the national board of research 

integrity. 
 

!
Fig. 1. A room view in the Dynecom VR for the 2-min. baseline re-
cording preceding each of the eight experiment conditions. The us-
ers were instructed to fixate to the cross on the wall. 

3.2 The DYNECOM VRE 
The DYNECOM (DYadic NEuro-COMpassion) VRE draws 
inspiration from the loving-kindness meditation (LKM) 
and compassion meditation (CM) that are both related to 
the currently popular mindfulness meditation practices. 
The emphasis of these two practices is to increase “uncon-
ditional, positive emotional states of kindness and compas-
sion” [39, pp. 1126]. The techniques of LKM are targeted to 
building unconditional kindness towards others, whereas 
in CM sympathy is evoked towards those in need with a 
wish to help them; these thoughts are targeted towards 
oneself, others, or all living beings [40], [39]. The benefits 
of CM and LKM practice have been shown to include, for 
example, increase in positive and decrease in negative af-
fect, increased activation on brain areas related to emotion 
and empathy, and empathic accuracy; for reviews, see [39], 
[41], [42]. Notably for the current study, even a short dura-
tion mindfulness intervention has been shown to lead to 
enhanced empathy [43], [44].  

3.2.1 Design of the VRE 
The DYNECOM VRE includes a room environment for 

baseline measurement (Fig. 1), and the environment for 
conducting the meditative exercise (Fig. 2). Both of the us-
ers were represented by statue-like avatars in the 
DYNECOM VRE. The avatars were seated in a circle with 
four other similar statues; the design of the visual outlook 
of the VRE was inspired by a setting of relaxed social 
meditation by a campfire (Fig. 2). The statues were sur-
rounded by a low wall and behind that a dark forest scen-
ery was presented; this served to keep the user’s attention 
to the statues and thus to discourage excess explorative 
scanning. To keep focus to the task, movement in the en-
vironment was not possible. An ambient pink noise audio 
track resembled the sound of wind. The audio track 
served to increase immersion by blocking possible noise 
from the laboratory. We chose to represent the users as 
static and neutral statues to ensure maximal concentra-
tion to the adaptive visualizations of the psychophysio-
logical signals. The four non-active statues were included 
in the setting for possible future studies where a larger 
group’s physiological synchronization could be 
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examined. 
 

 
Fig. 2.  DYNECOM VRE. The users are represented by the two illu-
minated statue-like avatars. The coloured aura around the statues 
and the illuminated bricks on the connecting bridge visualize the 
user’s physiological activation. In the pictured condition both the 
EEG and the respiration-based biofeedbacks are on. 

The two avatars, representing the users, were, depend-
ing on the experimental condition, both surrounded by an 
aura and they were also connected by a tile bridge or path. 
Both these visual elements were designed for the visuali-
zation of the physiological activation of the users. The 
bridge was inspired by the idea of highlighting that the 
two users were connected. The aura around the statues 
drew from the concept of “mental powers” in religious im-
agery and in popular culture. The user’s respiration rate 
was visualized as a movement of the pulsating aura and 
also as a gradual illumination of the tiles of the bridge (Fig. 
2, Fig. 3). Synchronization of the outbreaths of the users 
was visualized by collision and evoked highlight of the il-
luminated tiles at the bridge (Fig. 2). Empathy-related ap-
proach motivation towards the other participant, calcu-
lated from the frontal asymmetry of the EEG of the users, 
was visualized as a color cue in the bridge tiles, sidebars of 
the bridge, and also in the aura (Fig. 3). The color visuali-
zation of the brain electrical activation varied between 
green (withdrawal motivation, low empathy), yellow, or-
ange, red, and pink (highest approach motivation, highest 
empathy) with a glowing effect on the sidebars of the 
bridge as an index of synchronized EEG frontal asymme-
tries between the users (Fig. 3).  
 

 
Fig. 3. The user’s view in the DYNECOM VRE. Glowing sidebars on 
the sides of the bridge visualize synchronized levels of empathy-re-
lated EEG frontal asymmetries between the users. Pink colour in the 
aura and in the sidebars represents highest level of empathy-related 
EEG frontal asymmetry. 

3.2.2 Technical setup 
In the DYNECOM VRE, the participant’s physiological ac-
tivation was measured with two Brain Products 
QuickAmp amplifiers, each connected to a desktop com-
puter. The physiological data were recorded to hard disks 
for offline analyses; in addition, the OpenViBE platform 
[45] was used to process and stream the data for bio-adap-
tive functionalities to two MSi Laptop computers that were 
running Unity3D (https://unity3d.com/) for the VRE im-
plementation. Two Oculus Rift HMD’s (https://www.oc-
ulus.com/rift/) were utilized to present the VRE and re-
sponses for the self-reports at the end of each condition 
were collected using Oculus touch hand controllers. The 
3D models of the VRE were developed using Blender 
(www.blender.org/) and Adobe Photoshop 
(www.adobe.com/Photoshop). In addition, some elements 
were obtained from the Unity3D asset store (https://as-
setstore.unity.com/). All the relevant source code for the 
DYNECOM VRE are shared in GitHub 
(https://github.com/furtherform/dynecom).  

3.2.3 The bio-adaptive functionalities 
Abdominal respiratory movements were measured with 
Brainproducts elastic respiration belt, attached around the 
participant’s torso. The respiration visualizations were re-
sponsive to the detection of the user’s outbreath. For the 
participant these effects seemed instantaneous and re-
sponsive to his or her volitional respiratory actions. When 
the participants reached a synchronous breathing rate, the 
illuminated tiles colliding at the middle of the bridge 
blinked with a highlight effect. 

EEG was measured with six electrodes (F3, F4, C3, C4, 
P3, P4) attached to a lycra cap. Brainproducts QuickAmp 
amplifier was used to acquire the data with 2000 Hz sam-
pling rate and 0.1 high pass, 100 Hz low pass, and 50 Hz 
notch filters were utilized. For the EEG-based feedback 
the frontal asymmetry of the alpha (8 - 13 Hz) frequency 
band was calculated using the formula ln(F4) - ln(F3), 
since in the current setting empathy related to approach 
motivation was targeted and with this formula higher 
scores putatively indicate relatively greater left frontal ac-
tivation if it is assumed that alpha band activation is in-
versely related to neural activation [13], [46], [11]. 

The algorithm for calculating the EEG-based feedback 
was adaptive for each participant so that individual mini-
mum and maximum values were determined and this 
range was tracked and updated during each of the ses-
sions. A moving average of the last 9 seconds was used in 
calculating a value for the color cue in the system. The 
two participant’s EEG frontal asymmetries were consid-
ered to be synchronized when their FA values were in the 
same percentage range within their respective individual 
(and adaptive) ranges. The settings and constants for the 
reactivity of the functions of the system were decided 
based on iterative development work and testing with 
various users. In addition, the built-in functionalities of 
the OpenViBE for epoch averaging and moving averages 
were used. A more detailed description of the implemen-
tation of the biofeedback functionalities can be found in 
the Appendix. 
















