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Figure 1: Overview of the experimental setups for the evaluation of human participants’ interactions with virtual characters using
various multimodal input. Experiment 1 and Experiment 2 show the participant’s first-person view of the virtual environment.
Experiment 2 includes additional data streams: fingers pressure and physiological measures (highlighted).

ABSTRACT

Studying human behaviour and mind in realistic environments has
been a challenge in various research fields. We formulate the foun-
dational elements of a methodological framework for the multi-
modal research of social interaction in virtual reality (VR) based on
two experiments involving human participants interacting with vir-
tual humans. The framework comprises commonly used VR head-
sets and neurophysiological sensors to measure and evaluate par-
ticipants’ behaviours and brain activities. We provide guidelines
related to methodological solutions, data collection and analysis
pipelines.

Index Terms: Social Interaction, Face Perception, Social Anxiety,
EEG, Virtual Reality.
1 INTRODUCTION

Social interaction within virtual environments (VEs) has been the
focus of experimental studies for some time. Recent neuroscience
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research is also using socially interactive virtual characters (VCs)
and multimodal neurophysiological recording to study human be-
haviour. This paper studies how human processes social inter-
actions with believable human-like VCs within a controlled VE,
focussing on facial expressions that have a significant role dur-
ing social interactions. We aim to reveal how social interaction
is planned upon viewing the interaction partner’s face, by study-
ing event-related potentials (ERPs) related to face and emotion per-
ception (especially early face perception) such as P1, N170, vertex
positive peak (VPP), early posterior negativity (EPN), P2, P3, and
late positive potential (LPP). N170 and VPP in particular are widely
accepted as a biomarker of early face perception [21]. Through a
clear definition of the use of VEs for neuroscience research on hu-
man interaction with VCs, we hope to offer a framework to assess
early human perception of social interactions within VR.

Another important consideration in using VCs is their believabil-
ity ratio and their potential to enhance social interaction [20], which
are further explored using current Al solutions to integrate interac-
tions with believable VCs [22] towards the creation of compelling
multimodal frameworks [16]. Our contribution is demonstrating
the potential in creating realistic social interactions within VEs via
the use of believable VCs animated with real-time immersive game
engine technologies, and the presentation of a common analysis
pipeline for multimodal neurophysiological recordings (Figure 1).

We present two experiments to establish our new framework.
Experiment 1 reveals the effect of planned social interactions on



early face perception (i.e. embodied perception of social interac-
tions [8]). Neural responses to human-like and statue VCs (VC
types) during approach and withdraw behaviours (interaction types)
are analysed. This paradigm works succesfully (shown in sig-
nificant differences between interaction types and VC types) yet
does not confirm the social nature of these effects (no interac-
tion between these factors), demanding a better social interaction
paradigm. The improved design of Experiment 2 has a more di-
rect social interaction (handshake) to elicit stronger emotional re-
sponses in socially anxious participants during affective social in-
teractions [14]. VR is widely used in the treatment of social anxiety
disorder (SAD) by exposing individuals to anxiety-eliciting social
situations. There are significant number of studies supporting the
effectiveness of Virtual Reality Exposure Therapy (VRET) in re-
ducing social anxiety symptoms [1, 7], and a meta-analysis states
that there is no significant difference between VRET and in-vivo
exposure therapy (IVET) compared to the control group in social
anxiety [15]. Although there are a profound number of studies for
the treatment of SAD in VR, there are a limited number of studies
that assess SAD in VR using objective and direct measurements.

2 EXPERIMENT 1: EMBODIED SOCIAL INTERACTION IN
EARLY FACE PERCEPTION

Experiment 1 studies whether social interaction planning is em-
bodied in early face perception by studying participants’ neural re-
sponses to the VCs visualised as either human-like or statue un-
der approach and withdraw behaviours. The study employs a 2
Character (human-like vs. statue) x 2 Interaction (approach vs.
withdraw) within-subjects design and therefore repeated-measures
ANOVA for analysis. We expect to find differences in early percep-
tual ERP components (e.g., N170) between the interaction types to
the human-like VCs, and confirm its social nature by showing the
reduction of such differences to the statue VCs.

2.1 Stimuli and System Architecture

The VE, developed using Unity (v.2021.3.4f1), is an office setting
including two identical office rooms facing each other equipped
with desk, chair, cabinet and sofas. 20 unique VCs (10 females
and 10 males) representing various ethnic backgrounds are selected
from Microsoft Rocketbox avatar library [13]. The human-like VCs
have normal life-like skin tones. For the statue VCs, grey stone-
like texture material is added. Animations and interactions, includ-
ing head movements, eye gaze, blinks and verbal interactions are
applied to the human-like VCs. Participants’ proximity, head ori-
entation, and object interactions are used to trigger the human-like
VCs’ animations to simulate social interaction. Human-like VCs
will maintain eye contact with participants, show natural blinking
behaviour, and respond by saying “thank you” when participants
complete the task (putting an envelope on the desk in front of the
VC). The “thank you” message is recorded by various actors to
allow voice diversity. Statue VCs have no animation and do not
interact with participants.

The experiment was run on desktop PC with Windows 10 and
displayed on Meta Quest 2 HMD via Air Link and Steam VR using
a local WiFi network . Lab Streaming Layer (LSL) is used to send
event markers and synchronise data recording. The virtual display’s
onset delay is measured (70 ms with little variance) and corrected
during EEG pre-processing.

2.2 Experimental Protocol

37 volunteers meeting the eligibility criteria (aged 18-50, no neu-
rological disorder, normal or corrected-to-normal vision, no move-
ment impediments) participated. 5 participants were excluded from
analysis due to excessive artifacts.

There are ten 40-trial blocks. The approach vs. withdraw inter-
actions are employed in the two halves of the experiment, with the

order counterbalanced across participants. Character types (human
vs. statue) and character models are presented randomly in each
block.

Each participant is informed about the interaction type (approach
vs. withdraw) when a block starts. Each experimental trial starts
in darkness in VR. The participant sees two symbols, “X” (repre-
senting participant’s fixation) and “O” (denoting the between-eyes
point of the virtual character). The participant moves the head to
align “X” and “O” (ensuring eye contact with the VC later). The
lights turn on after a random interval of 500-1500 ms after the X-
O alignment, showing a room and a VC (human or statue) sitting
behind a desk (3 meters away) (Figure 1). Human-like characters
maintain eye contact with participants, and show natural blinking
behaviour; statue characters stay still. The participant holds an en-
velope in the right (VR) hand. On hearing a “go” sound (1000 ms
after lights-on), the participant will either go forward to the VC (ap-
proach blocks) or turn around and approach another VC in the room
behind (withdraw blocks), and put the envelope on the desk. Then,
the participant returns to the starting position and facing direction.
The trial ends by turning the lights off.

After the main experiment, to assess the participant’s perception
of VCs, perceived anthropomorphism and animacy ratings for the
human-like and statue VCs are measured [3] outside of the VE.

2.3 EEG Recording and Pre-processing

EEG is recorded from 30 scalp locations with a mobile EEG sys-
tem (ANT Neuro EegoSports) at a 500-Hz sampling rate, and pre-
processed using EEGLAB (2022.1) and ERPLAB (2023.1). First,
the 70 ms display delay is corrected. Then, non-experimental data,
gross artifacts, and DC offset are removed. A 1-30 Hz bandpass
digital filter is applied, along with a 50 Hz noise correction using
cleanline 2.0. Bad channels are identified and interpolated with the
automated subspace removal (ASR) plugin. Then, the data are seg-
mented into epochs from -100 to 500 ms relative to the lights-on
markers. EEG activities over 500 pV are removed. Then, EEG is
re-referenced to the average and cleaned with independent compo-
nent analysis (ICA) before baseline corrected to the 100 ms base-
line. Finally, epochs are re-referenced to the infinity for mininal
reference dependence [27] and averaged to generate ERPs for each
experimental condition. Participants having less than 30 accepted
epochs per condition are rejected from analysis.

2.4 Results and Discussion

Paired t-tests showed higher ratings for the human-like than statue
VCs in both anthropomorphism (3.5 vs 1.8) and animacy (3.7 vs
1.2), ts >4.77, ps <.003, confirming that the human-like VCs are
perceived more “social” than the statues.

Mean ERP amplitudes are quantified in time windows and scalp
locations showing the maximal amplitudes (determined with the
collapsed localiser method [18]), and analysed with 2 Charac-
ter (human vs statue) x 2 Interaction (approach vs. withdraw)
ANOVAs (JASP 0.17.3.0). An early Interaction effect in a frontal
negativity (Fpl/Fp2, 82-201 ms) is significant, F(1,31) = 4.84, p
<.05). N170 (P7/P8, 150-190 ms) and VPP (Cz, 152-172 ms) show
no any effects (F's <1.60, ps >.2) despite a significant Character ef-
fect in VPP, F(1,30) =9.71, p <.01.

The Interaction effect in early ERPs validated our design and
replicated previous findings in VR that early ERPs are modulated
by action planning [6] and image realism [12]. However, we did
not find the interaction between the factors. It is possible that social
interaction is not embodied in early perception in highly realistic
VEs (cf. the notion of embodied cognition [8]). Alternatively, the
behaviour in Experiment 1 may not be social enough to engage at-
tention on the VCs. To tell these explanations apart, we need a
better paradigm to require more direct social interactions, thus de-
manding participants’ focal attention on VCs (such as their attitudes
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Figure 2: The custom-made EEG data pre-processing pipeline. The side panels show an example of raw (left) and processed (right) EEG data.

towards participants). This led to the introduction of bodily touch in
the subsequent experiment (described next) as an effective method
to elicit emotional responses [11].

3 EXPERIMENT 2: EMBODIED AFFECTIVE SOCIAL INTER-
ACTION IN EARLY FACE PERCEPTION IN SOCIAL ANXIETY

Experiment 2 uses a more direct and scalable social interaction with
VCs, i.e., having a handshake. This requires attentional focus on
VCs and tends to elicit stronger emotional responses, especially
anxious feelings in people with Socia Anxiety (SA) [24]. Hence,
we employ an anxiety-provoking scenario of meeting authority fig-
ures [26] and requires handshake with a male boss showing posi-
tive, negative or neutral facial expressions (Valence factor). We ex-
pect to see differences among the three valence conditions in ERP
components related to face and emotion perception, such as P1,
N170/VPP, EPN, P2, P3 and LPP. Moreover, correlations between
these effects and SA scores will help confirming biomarkers of so-
cial interaction perception. Given that physiological responses are
intensified in SA [9], HR, HRV, and EDA will also be recorded.

3.1 Stimuli and System Architecture

The experiment will be conducted using a Meta Quest Pro HMD
using Unreal Engine 5.3. It simulates participants, as employees,
meeting with their male bosses. The VE is a typical individual of-
fice environment (3m x 4m) with office furniture, with floor and
ceiling having similar colour and texture to the experimental lab
to create smooth transition from the lab to VE. VCs are created
using Metahuman Creator (Epic Games) showing various ethnic
backgrounds. We validated the VCs’ face and body images on
perceived trustworthiness, attractiveness, approachability, human-
likeness, and dominance. 24 VCs rated highest in dominance, hu-
manlikeness and attractiveness and lowest in approachability and
trustworthiness are selected for the experiment . To enhance domi-
nance [5], VCs are set to be taller than the average height of males
in the UK. For better presence and embodiment, participants’ own
VCs are partially visible (torso, arms, hands and legs in first-person
view, skin tone adjusted). Inverse kinematics is used to replicate the
participants’ hand and body movements.

The VCs show positive, negative and neutral facial expressions
generated with a face motion capture app (Live Link Face) based

on actors’ real-time facial expressions. Each VC has unique facial
expressions for increased believability. VCs maintain eye contact
with participants. The participants will initiate handshakes with
VCs who will respond.

EmotiBit (physiological measures) and Etee VR controllers
(TGO) are additional sensors to the previously presented Experi-
ment 1 setup (Figure 1). Etee VR controllers (replacing traditional
VR controllers) are clipped onto the participants’ hands without the
need to grip, allowing an open-hand position for handshake. Their
vibration feedback also enhances the handshake’s believability. The
built-in sensors track individual fingers’ pressure exerted onto the
controller. All data streams (EEG, physio, pressure, HMD/Etee po-
sition and orientation) are recorded and synchronised in real-time
using LSL.

3.2 Experimental Protocol and Analysis

Participants will be recruited to the inclusion criteria: 1) aged 18-
50, 2) identifying themselves as women, 3) normal or corrected-to-
normal vision, 4) no diagnosis of SA disorder, 5) no neurological
condition, 6) no movement impediments. Only participants who
identify themselves as women will be recruited because women
typically experience a higher level of SA [23] and exhibit more
pronounced SA symptoms, particularly when facing men [2]. Each
participant will choose one of six skin tone options for their own
VC, and complete the Liebowitz Social Anxiety Scale [17] and
Social Interaction Anxiety Scale [19] (assessing their fear of and
avoidance towards social interactions).

There are three experimental blocks (positive, negative, and neu-
tral), the order of which is counterbalanced across participants.
Each block has 80 trials (8 VCs repeating 10 times each). As in
Experiment 1, each trial starts in darkness with the X-O alignment
to trigger the lights-on moment to reveal the VE and a standing
VC 1.2 m away, displaying the corresponding facial expression of
the block. After 1000 ms, a doorbell sound signals the participant
to approach and initiate handshake (using the preferred hand) with
the VC. The participant then returns to their initial starting point
and facing direction to trigger the lights-off (trial end). After each
block, the participants will rate the overall emotion of the VCs in
that block with Self-Assessment Manikin (SAM) [4] in the VE, then
sit down and watch a 2 min neutral video to return to their emotional



baseline before the next block.

The EEG recording and analysis pipelines remain the same as
those in Experiment 1. Amplitudes of various ERP components will
be analysed with one-way ANOVA (factor: Valence) and ANCOVA
(controlling for physiological responses including HR, HRV, and
EDA, which might confound ERP results). We will also correlate
the valence effects in ERPs against SA scores to help identifying
the biomarkers of social interaction perception.

4 GENERAL DiscussioN

The paper introduces a flexible methodological framework for in-
vestigating early face perception during social interactions in VEs.
It has heightened ecological validity, especially in the highly be-
lievable handshake, improving the generalisability of the findings
to real-life scenarios. The design can be easily adjusted to meet
different needs with different social interaction styles and intensity.
For instance, the handshake can be initiated by participants or VCs.
The VCs’ valence and arousal levels can also be scaled. This makes
the design highly adaptable.

The framework integrates multiple synchronised data streams
via LSL with a high precision in temporal alignment. This is crucial
for EEG analysis which is of high temporal resolution. The results
have demonstrated that the system can separate different social be-
haviours in VE, and are moving towards identifying biomarkers of
social perception in SA. This advances beyond traditional meth-
ods by incorporating embodied and believable social interactions in
VR, and fills the methodology gap of social perception research.

One possible limitation of the proposed methodology is the use
of the less realistic “lights-on” moment. This approach is a com-
promise for better ERP data quality, because visual onsets produce
the strongest ERPs [25]. Recently, fixation-related ERP has shown
good data [10]. It is worth adapting these methods to VR-EEG re-
search despite the challenge of the much lower signal-to-noise ratio
of EEG in VR. The inclusion of only women participants in Ex-
periment 2 may appear as a limiting factor; however, previous find-
ings that women show stronger SA symptoms [23] support our ex-
perimental setup towards identifying biomarkers of SA. After this
initial step, we will include both women and men to enhance the
generalisability.
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