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Figure 1: Our Unity-based visualizations for heart rate (top) and breathing rate (bottom).

ABSTRACT

Visualizing biosignals can be important for social Virtual Real-
ity (VR), where avatar non-verbal cues are missing. While several
biosignal representations exist, designing effective visualizations
and understanding user perceptions within social VR entertain-
ment remains unclear. We adopt a mixed-methods approach to
design biosignals for social VR entertainment. Using survey (N=54),
context-mapping (N=6), and co-design (N=6) methods, we derive
four visualizations. We then ran a within-subjects study (N=32) in
a virtual jazz-bar to investigate how heart rate (HR) and breath-
ing rate (BR) visualizations, and signal rate, influence perceived
avatar arousal, user distraction, and preferences. Findings show that
skeuomorphic visualizations for both biosignals allow differentiable
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arousal inference; skeuomorphic and particles were least distract-
ing for HR, whereas all were similarly distracting for BR; biosignal
perceptions often depend on avatar relations, entertainment type,
and emotion inference of avatars versus spaces. We contribute HR
and BR visualizations, and considerations for designing social VR
entertainment biosignal visualizations.
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1 INTRODUCTION

As social creatures, we typically draw on a wide range of visible
non-verbal behavioral cues (facial expressions, gestures, etc.) to
form impressions and facilitate communication with one another
[25, 32, 48, 78]. Despite their importance on the interpersonal com-
munication process [1, 25, 48], it remains a fundamental challenge
for digitally mediated communication where several such cues
are missing [47, 102]. Recent technological advances have shown
that it is possible to reveal previously invisible physiological data
("biosignals") about others to better inform our impressions. These
biosignals can provide useful insights to others about our inter-
nal emotional and cognitive states, where social sharing of such
data allows others to peek into our normally hidden experiences.
To this end, researchers have shown that "expressive" biosignals
[53], where an individual’s biosignals are displayed as a social cue,
have the potential to enhance inter-personal communication and in-
crease our interoceptive awareness [29, 62], by allowing us to better
recognize others’ and helps express our own emotional and physi-
cal state [24, 27, 43, 45, 53, 55, 56, 67, 87]. Prior research has shown
that a person’s heart rate (HR) rises and falls with fluctuations in
their emotions [49], children’s skin conductance is influenced with
heightened engagement [42], or respiratory rate changes during
cognitive load [34]. Together, these studies provide ample evidence
that visualizing biosignals and using them as social expressive cues
can enhance interpersonal relationships and feelings of connected-
ness [24, 56].

Recently, the wide availability of consumer head-mounted dis-
plays (HMDs) has made immersive virtual reality (VR) systems a
feasible alternative to 2D video conferencing. With VR, people are
able to “meet" in a shared, immersive virtual environment and inter-
act with virtual representations of each other. Such environments
are denoted as collaborative or social VR [18, 41, 51]. The virtual
representations in social VR can map a user’s movement onto an
avatar (e.g., VRChat) and/or show believable facial emotional ex-
pressions [12], whereby personalizing avatar representations has
been shown to impact immersion [101]. Much research has shown
the benefits of non-verbal communication in social VR, from eye
gaze [28] to facial expressions [5], given the importance of real-
ism and presence in such environments [46]. Similarly, several
research strands have explored the influence of biosignals within
social VR and how it can better foster communication, empathy and
engagement. Halbig et al. [36] identified use cases where biodata
could improve the quality of interaction in VR, where ordinarily
implicit bodily information remains invisible during avatar encoun-
ters. Janssen et al. [45] showed that heartbeat perception influences
social behavior in a similar manner to more common signals such as
gaze and interpersonal distance. Ceenu & Hassib [30] investigated
different biosignal representations (from glowing avatars to text)
for HR in a social VR game. While these works explore different
(visual) representations of biosignals, designing interpretable and
non-distracting visualizations, and understanding user perceptions
within social VR entertainment remains unclear.

In this paper, we adopt an exploratory, mixed-methods approach
(Figure 2) that combines a user-centric process [71] and statisti-
cal methods to better understand, design, and evaluate expressive
biosignal visualizations for social VR entertainment. In Part 1, we
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Figure 2: Our two-part study approach. Contributions out-
lined in (bold) magenta.
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ask: (RQ1a) What are users’ current perceptions toward virtual
avatar representations and biosignals in social VR spaces? (RQ1b)
What are the most suitable ways of visualizing users’ biosignals
in social VR entertainment spaces? For RQ1a, we draw on survey
responses (N=54) and a follow-up context-mapping [98] interview
session (N=6) to gather insights on users’ current behavior and atti-
tudes towards avatars and biosignals in social VR spaces. Drawing
on these findings, we proceed to RQ1b, where we ran an online
expert co-design session (N=6). These were guided by seven de-
sign considerations distilled from the survey and context mapping
sessions, which resulted in three entertainment scenarios and six
suitable biosignal visualization concepts. Thereafter, we prototyped
the four most suitable visualizations (Figure 1) for HR and BR for
display in a virtual jazz bar scenario (Figure 6). This lead to our
second question (Part 2): (RQ2) Which are the most effective visu-
alizations of HR and BR biosignals in an immersive, virtual music
event scenario? To answer this, we ran a controlled, within-subjects
experiment (N=32) with pairs of users to investigate the effects of
biosignals (Heart Rate vs. Breathing Rate), visualization (Skeuomor-
phic vs. Particles vs. Creature vs. Environment), and signal rate
(Low vs. Rest vs. High) on perceived avatar arousal, user perceived
distraction, and overall preferences. Key findings showed that (a)
skeuomorphic visualizations for both biosignals allow differentiable
arousal inference (b) skeuomorphic and particles were least dis-
tracting for HR, whereas all were similarly distracting for BR (c)
biosignal perceptions often depend on perceived avatar relation-
ship, entertainment type, and whether emotions are inferred for
avatars or spaces.

Our work offers two primary contributions: (1) We provide a
set of empirically tested social VR biosignal visualizations! for HR
and BR data, designed through a user-centric process that was
statistically evaluated in a controlled user study. (2) We provide
empirically-backed insights and design considerations for visual-
izing avatar biosignals, specifically for building HR and BR visu-
alizations that are interpretable, suitable, and least distracting in
an entertainment-based social VR scenario. Below we start with a
survey of related work.

2 RELATED WORK

Several research strands influenced our approach, which we de-
scribe below.

1GitHub: https://github.com/cwi-dis/CHI2022- AvatarBiosignal Visualizations
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2.1 Making sense of biosignal representations

It is becoming increasingly clear that digitally manifesting human
biosignals can increase engagement and reduce stress [35], increase
bodily awareness [97], influence social behavior [45] and trust [66],
increase intimacy and enable more authentic communication [56]
and heightened co-presence [24], and elicit empathy and social
connectedness [17, 55, 105]. Despite the foregoing, the sensing
modality (e.g., ECG), the context where biosignals are used (e.g,
self or other), and how they are visualized (e.g., heart icon) [58]
can impact their interpretation. Prior work has shown that biosig-
nals are inherently ambiguous and open to multiple interpretations
[43], and this can influence how (which modality) [40] and when
they are shared ([56]). For example, Merrill et al. [65] found that
people tend to make negative inferences even about normal (rather
than elevated) heart rates, when perceived in an adversarial set-
ting. Such ambiguities can also be traced to how humans perceive
stimuli, for example Wiens et al. [93] found that good heartbeat de-
tectors reported more intense emotions than poor detectors when
viewing varying emotional stimuli, suggesting differences across
human visceral perception. Finally, sharing and perceiving biosig-
nals has been recurrently found to pose privacy concerns for users,
for example when sharing HR [53, 90] or breathing [27] data. Given
the foregoing, it becomes paramount to consider the most effec-
tive means of visualizing biosignals, and their usage context. This
would help ensure minimal ambiguity on what they signify. In this
work, we test our visualizations in a moderate socially engaging
entertainment setting, and investigated perceived avatar arousal
differences among our HR and BR visualizations.

2.2 Visualizing human biosignals

Visualizing human biosignals has a rich history within HCI, where
the type of manifestation is largely contingent on the situation and
social context [58]. For such representations, researchers have ex-
plored several visual and non-visual representations (primarily for
HR), and include: ambient light [53, 91], clothing color change [43],
graph-based [54, 66, 100], patterned image overlays [90], skeuomor-
phic [15, 26, 33, 50, 62] and text/numerical [30, 54, 62, 69, 97, 100]
HR representations, abstract shapes [30, 33, 55, 87], screen overlay
color [2, 30, 33, 39, 55, 97], brightness and frequency [27], haptics
[67, 104], auditory heartbeats [19, 97, 105], interactive (game) ele-
ment adjustment [68, 94], tangibles [31], wearable skeuomorphic
artifacts [21], emojis [53], fur-based and particle systems on avatars
[11], realistic blood flow animations [63], and animated creature em-
bodiments (motion) [55, 56]. We refer the reader to Lux et al’s [58]
comprehensive literature review of different biosignal representa-
tions. While these works explore different (visual) representations
of biosignals, comparative analyses (e.g., [30, 53]) across signals and
visualization methods are rare. Given this, it remains a challenge
to determine the most appropriate means of visualizing expressive
biosignals, and specifically how users interpret them within social
VR entertainment. Moreover, while prior work typically dealt with
one biosignal representation and explored its impact on percep-
tion (cf., HR in [54]), our work contributes a user-centric approach
where several common biosignal representations are systematically
explored.
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2.3 Biosignals in (social) XR

Over the recent years, there have been several works exploring
the potential of affective visualizations [72, 88] and biosignals in
eXtended Reality (XR) environments, where increasing evidence
shows the potential of combining VR and biofeedback to foster em-
pathic abilities in humans [85]. These works range from collabora-
tive mixed reality [37, 62], cooperative virtual reality games [38, 73],
neuro-responsive social VR using EEG to evoke empathy [82, 83])
or regulate emotion [87], VR-based breathing synchronization to
foster connectedness [94], to how HR feedback manipulation helps
better understand the effects of shared biosignals in collaborative
VR [19]. Closer to our present work, Ceenu & Hassib [30] investi-
gated different biosignal representations (from glowing avatars to
text indicators) for HR in a playful collaborative social VR game,
and found that the aura visualization was most enjoyed. Chen et al.
[15] tested different multimodal HR representations of one’s own
HR data (so not social VR), and found audio-haptic feedback was
the most preferred while visual feedback was reported as being
distracting [15]. Gradl et al. [33] tested different HR visualizations
in VR, and found a pulsating screen overlay was best for assessing
cardiac interoceptive awareness. Lastly, Li et al. [50] explored how
HR can be used as a chronemic cue in social VR, and found that var-
ied HR can lead to higher perceived avatar arousal. These previous
works helped ground the design of our visualizations, and provide
a basis to further explore how different visual representations of
biosignals may look like and how they are perceived in social VR
entertainment.

3 PART 1: UNDERSTANDING AND
(CO-)DESIGNING SOCIAL VR BIOSIGNALS

3.1 Survey: understanding current social VR
experiences

We conducted a survey to better understand current social VR
platform usage and experiences. The survey took approximately
10-15 min. to complete, and was distributed across social media
platforms (Twitter, Reddit, etc.) in March, 2021. Several responses
(over 100) were manually classified as spam (duplicate responses
removal, filtering out identical emails filled, inspecting respondents’
open field responses) by the study authors, and thereafter omitted
from analysis. A lottery-based compensation of €30 was offered to
one respondent.

3.1.1 Questions. After demographic questions and general VR ex-
periences (e.g. owning VR headset, usage frequency, etc.), respon-
dents had to select one social VR platform that they want to base
their subsequent responses on given variations across social VR
platform experiences. Next, using 5-point Likert scale questions,
respondents were asked about their avatar customization experi-
ences, and their attitudes regarding current avatar appearance and
how well they represent them. They were further asked about their
avatar emotion inferences, and biosignal sharing attitudes towards
(a) a real-life friend (b) a virtual friend (c) a virtual stranger. The
survey included more questions relating to social VR experiences,
however here we focus only on questions that pertain to biosignals.
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Question Md IQR
The avatar [ use the most represents my identity 4 2
in the social VR space.

I (want to) put effort into customizing avatarsto 5 1
reflect my identity in the social VR space.

I prefer to customize my avatar as an ‘ideal’ ver- 4 3

sion of myself instead of reflecting how I look
like in real life.
It is easy to recognize other avatars’ emotions. 3 2

In general, I want to hide my real biological sig-

nals (e.g., heartbeat, breathing rate) when inter-

acting with:

...an ‘actual real-life friend’ in social VR (N=31) 3 2.5
...a ‘virtual friend’ in social VR (N=39) 3

...a ‘stranger’ in social VR (N=48) 4 3

Table 1: A selection of the 5-point Likert-scale questions that
we asked in our survey (N=54).

3.1.2  Findings. 54 (M=26.2, SD=9.1) respondents (33m, 15f, 4 non-
binary, 2 non-disclosed) across countries (x14) and ethnicities (x6)
filled our survey. 48 respondents reported owning a VR device, 20
reported they use VR every day, 5 reported they use VR less than
once a month, where the rest were in between. 45 respondents
stated they have tried a specific social VR platform >10 times. The
most used social VR platforms were: VRChat (81%), Rec Room
(44%), AltspaceVR (37%), and Big Screen (37%). For each question
(Table 1), we calculate the median (Md) and Inter-quartile Range
(IQR). The top four questions exhibited good internal consistency
(@ = 0.79). Responses to the bottom three questions (where N
indicates number of respondents) were contingent on whether a
respondent had previously interacted with <friend, virtual friend,
stranger>.

Three main findings emerged: first, users generally want to cus-
tomize their avatar appearance, and do so in an idealized form (F1).
Second, currently recognizing others’ emotions in social VR is still
lacking, as seen by divided responses (F2). Lastly, there was no
clear consensus on revealing one’s biosignals, except with regards
to strangers, where this was not preferred (F3).

3.2 Context mapping: understanding user -
avatar relationships

Following our survey, we conducted context mapping sessions
focused on social VR avatars and biosignals, using a two-step ap-
proach: sensitizing participants with a designed booklet (online),
followed by interview sessions [99].

3.2.1 Procedure. Sensitizing Booklet. A sensitizing booklet was
designed as a Miro? board® to help participants reflect on their
(a) body reactions when interacting with someone in real life (b)
current interaction methods when meeting people in social VR.
The booklet was intended for use over three days (example in
Figure 3)), each part taking ~10 min. to complete. Miro board links
were sent beforehand along with consent and data privacy forms,

Zhttp://miro.com/
3Copy of context-mapping board: https://miro.com/app/board/09]_ISURcul=/
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Figure 3: Screenshot of a filled out Day 2 Miro board booklet,
as part of our context mapping.

where participants were requested to complete the booklet before
the interview.

Interview. The interview aimed to extract further insights,
where participants explained their booklet responses. Interviews
lasted approximately one hour, and conducted in English over Zoom.
Sessions were screen-recorded for later analysis.

3.2.2  Participants. Six (4m, 2f) of the survey respondents (M=27.3,
SD=8.3), geographically spanning four countries and with diverse
social VR experiences, were invited to the context mapping ses-
sion. Selection criteria included: minimum 6 months of social VR
experience (three had 3-5 years), usage of social VR at least once a
week, and have interacted with friends and strangers in social VR.
Participants were compensated with €15.

3.2.3 Analysis & Findings. We analyzed interview transcripts us-
ing a grounded theory approach [14, 95]. Responses were firstly
segmented into high-level categories, and thereafter open codes
were developed and validated by two independent coders, label-
ing them according to similarities in participants’ responses. Since
our goal was to yield concepts and themes, we do not calculate
Inter-Rater Reliability [61]. Five main themes were uncovered:

T1: Expressing Emotion. Participants mentioned difficulties
in adequately expressing their emotion. In such cases, they tried
to express their emotions using hand gestures, voice chat, body
movements, and emojis.

T2: Engagement and Comfort. When adopting the role of a
host or manager of events, participants stated they frequently tried
to check avatar reactions to make sure the audience is satisfied
and engaged with the unfolding of the event. Engagement here
was inferred from the avatar’s body orientation, movements, emoji
reactions, and messages sent.

T3: Presence of Self and Other. Participants mentioned that
within social VR spaces, it was common for them to prove their
presence in VR via any means (e.g., sending emoji), as it was not
always apparent to them if they were present. Similarly, participants
complained about not being able to check the presence of others,
where they had to actively engage with an avatar.

T4: Biosignals for More Immersive Experiences. Partici-
pants mentioned that biosignals can make social VR spaces more
immersive and exciting, where sharing feelings and emotions can


http://miro.com/
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https://miro.com/app/board/o9J_lSURcuI
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help build more intimate relationships, or enrich current social VR
experiences with more realism.

T5: Biosignals for Behavior Change. Participants mentioned
that biosignals can play a role in improving current behavior, for
example across medical applications or training settings. Relatedly,
when biosignals are visualized for oneself, they could improve
interoceptive awareness.

3.24 Design Direction. While the context mapping session high-
lighted several relevant factors for visualizing biosignals (T1-T5), it
remained unclear how biosignals should be visualized for avoiding
misinterpretations, distraction, and general design element obtru-
siveness within social VR spaces. Given the large space of possible
scenarios, we opted to focus on social VR entertainment, such as
watching a movie at the cinema (e.g., Big Screen), or attending live
music events (e.g., AltspaceVR concerts). This was chosen since
prior work has shown potential for visualizing biosignals in enter-
tainment settings (cf., [80, 89, 94]), where such settings have a more
open and playful nature which can lower privacy concerns, and due
to feasibility in later prototyping. Furthermore, we narrowed our
scope to three common biosignals (HR, BR, Electrodermal Activity
(EDA)), as these are well studied (cf., Feijt et al’s [24] review), are
expected to be familiar to participants, and allow visual design
manifestation affordances.

3.3 Co-design: visualizing biosignals

To conceptualize suitable biosignal representations for social VR
entertainment, we conducted an online co-design [84, 92] session:
sensitizing participants with a designed booklet (online), followed
by the co-design session.

3.3.1 Procedure. Sensitizing Booklet. A sensitizing booklet was
designed as a Miro board?, to help participants (a) reflect on their
watching entertainment experiences with others in real life, and (b)
learn about social VR. The booklet was intended to be used for ~30
min., and sent before the co-design session with consent and data
privacy forms. The first part asked participants to reflect on their
real-life experiences during entertainment activities with emphasis
on bodily reactions. The second part consisted of watching videos
covering social VR platforms within the entertainment sector”.
Co-design Session. The co-design session aimed at visualizing
three biosignals (HR, BR, EDA) between audience members during
social VR entertainment (e.g., watching a musical performance). Ses-
sion lasted approximately two hours, and conducted in English over
Zoom with the Miro board® open. Sessions were screen-recorded
for later analysis. Less familiar concepts (e.g., EDA) were explained
during the session introduction. Participants were given an ideation
template (Figure 4), that showed: a 3D avatar body model and a first-
person perspective view. Participants were divided into three teams,
each consisting of a student and industry professional, and sent
into breakout rooms for three ideation rounds, and a constructive
feedback session. Between the first and second ideation sessions,
seven design considerations distilled from the survey (Sec 3.1) and

4Copy of co-design sensitizing booklet board: https://miro.com/app/board/o9]
INuvwA4=/

5Video 1: https://youtu.be/jEJw312AHYE; Video 2: https://youtu.be/fA2cW2qgGgs;
Video 3: https://youtu.be/SjPdIMCBh7Q

5Copy of co-design board: https://miro.com/app/board/o9]_lyvEjmg=/
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Figure 4: Example ideation template on a Miro board, de-
signed to express one visualization idea per template.

context mapping themes (Sec 3.2) were provided to participants
to consider and fulfill at least one. Three pertained to social VR
(R1: Users find comfort when using the system; R2: The system
allows users to express emotions; R3: The system allows users to
check the presence of others) and four pertained to sharing and
perceiving biosignals (R4: The system allows sharing feelings and
emotions of others to add excitement; R5: The system allows shar-
ing biosignals with others to enrich experiences; R6: The system
secures an acceptable degree of privacy between users; R7: The
system guarantees fairness when sharing data with others).

3.3.2  Participants. Six (4f, 2m) designers (M=29.5, SD=4.6) were
recruited. Three were design master’s students, two were industry
UX professionals, and one freelance designer. Selection criteria in-
cluded: owns a drawing tablet, confident in expressing ideas with
drawings, and has attended public entertainment events (e.g., con-
cert) with others. We did not require participants to have (social)
VR experiences as this could limit designers’ focus to current hard-
ware capabilities. Nevertheless, one participant had extensive social
VR experience (>30 visits), one tried a platform once, three were
familiar with VR, and one had no VR experience. Participants were
compensated with €25.

3.3.3 Analysis and Findings. Results from the session were ana-
lyzed following a similar approach to our context-mapping session
(Sec 3.2.3). Two primary classifications were obtained from our
analysis:

(a) Entertainment scenarios and interaction patterns.
Analysis yielded patterns in how individuals behave across differ-
ent entertainment scenarios. Based on interaction characteristics,
entertainment activities were categorized into scenarios with three
social engagement levels: (S1) Low (S2) Moderate (S3) High. S1
refers to entertainment activities in a quiet setting with fewer social
exchanges, for example watching a film at the cinema (P4 "..I was
keeping chatting during the film to a minimum since I don’t like
disturbing plus I want to be immersed.”). Here, paying attention to
the content is essential. S2 refers to entertainment activities that
have moderate (or intermittent) social engagement, typically in
a relaxed setting such as listening to music at a live jazz bar (P3:
"It was really good to see how other people enjoyed that moment.").
For this type, people enjoy the content as well as the mood and
reactions of one’s social surroundings. S3 refers to entertainment
activities in a high social engagement setting, such as participating
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Figure 5: Selection of the resulting concept visualization
sketches from the co-design session.

in open-air music festivals (P4: "The music was loud and we were
drinking too so we were chatting a lot loudly.").

(b) Avatar biosignal visualizations. The co-design session re-
sulted in six concepts (Figure 5) for visually expressing biosigals for
social VR entertainment. C1 is a common representation (cf., [100])
that shows one’s biosignal values through numerical or textual
values near the avatar. C2 shows the avatar body as a whole can
be deformed through color changes or body distortions. C3 is simi-
lar to C2, however applied to a specific body part (e.g., heart icon
displayed on chest [15] or near the user’s head [62]). C4 visualizes
biosignals near the avatar as decoration, which is typically abstract
(cf., [87]). C5 visualizes biosignals via a separate identity (cf., ani-
mated otters [56]). C6 visualizes biosignals on the environment or
avatar surroundings (size, shape, or color) in social VR spaces (cf.,
[90, 94]).

3.3.4 Design Direction. Drawing on our design findings and ear-
lier survey and context-mapping findings, we narrowed down our
design space to entertainment activity S2 (Moderate Engagement).
We specifically chose a music event setting of a live jazz bar, given
earlier work that showed potential of biosignals to enhance such
events [80, 89]. Given our scenario choice, we selected C3-C6 as
suitable techniques to implement. In this setting, designing for pe-
ripheral attention [6, 60] plays an important role in ensuring users
can enjoy the experience of being with others, without a constantly
present obtrusive design element. Therefore C1 and C2 were omit-
ted. Lastly, given that many participants were unfamiliar with EDA
and found it difficult to design for it, and to ensure the subsequent
study design can be tested in a controlled manner, we omitted this
biosignal. The resulting biosignal (HR, BR) visualizations were then
used in Part 2, where we investigated their perception in a virtual
environment.

4 PART 2: EVALUATING BIOSIGNAL
VISUALIZATIONS FOR SOCIAL VR
ENTERTAINMENT

Based on our earlier findings (Part 1) and resulting design direction
(Sec 3.3.4), we explore how visualizations C3-C6 applied to heart
rate (HR) and breathing rate (BR) are perceived in a virtual jazz
bar. Moreover, since we know from the human physiology litera-
ture that sensed biosignals can vary depending on users’ arousal
state (cf., physiological correlates of arousal [10] and the role of
HR [103] and breathing [107]), we further considered signal rate
(low, rest, high) as an additional variable of interest to test visualiza-
tion effectiveness. While biosignal manifestations of physiological
arousal may not always be equivalent, prior work suggests that
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there are numerous correlations between them [10]. Furthermore,
this would provide an additional means to test the effectiveness of
visualizations, given prior work that showed varied HR can lead to
higher perceived avatar arousal [50]. Therefore, we investigate how
our four visualizations (IV1), varied across HR and BR (IV2) and
signal rate (IV3) influence perceived avatar arousal, participants’
perceived distraction, and their overall visualization preferences.
Below we describe our study design.

4.1 Study design

Our experiment is a 4 (IV1: Visualization: Skeuomorphic vs. Parti-
cles vs. Creature vs. Environment) x 2 (IV2: Biosignal Type: Heart
Rate vs. Breathing Rate) x 3 (IV3: Signal Rate: Low vs. Rest vs. High)
within-subjects design, tested in a controlled, virtual environment
(Figure 6). This resulted in 24 different conditions, where condi-
tions were counterbalanced according to a Latin Square design, with
subsequent trials randomized. Gender of the observed companion
avatar was also randomized to minimize VR gender bias effects (cf.,
[79]). We tested pairs of participants in an experiment session, as
we expected this would heighten the experience of being socially
present with a companion whose biosignals are visualized. How-
ever, the scenes in the experiment were experienced individually,
where the avatars in each scene consisted of virtual agents.

Quantitative measures included the following dependent vari-
ables: (a) Perceived avatar arousal (b) Perceived visualization dis-
traction (c) Overall visualization preference (d) IPQ Presence ques-
tionnaire [86]. Whereas all IVs (24 conditions) were applicable for
measuring perceived avatar arousal, we did not include IV3 for
perceived distraction and overall preference, as signal rate was not
applicable for those trials. Rate levels were set to Rest in this case.
Measures (a)-(b) took place within our custom VR jazz bar, where a
Likert-scale panel was embedded in VR. This allows users to stay
immersed in the VR experience [76]. We chose a 9-point scale here
to allow greater rating sensitivity. Perceived avatar arousal scale
("How high do you think the arousal of this avatar is?") ranged from
very low (1) to very high (9) (Figure 9(b)), following the arousal
dimension of the Self-Assessment Manikin scale [13]. Perceived vi-
sualization distraction ("I find this visualization distracting.") ranged
from strongly disagree (1) to strongly agree (9). Overall visualiza-
tion preference ("My favorite visualization for showing <Heart Rate,
Breathing> on a companion is:") took place outside of VR at the end,
where four GIFs showing each visualization were presented as a
forced-choice task (radio buttons). Igroup Presence Questionnaire
(IPQ) uses a 7-point Likert scale, and used to assess the level of pres-
ence experienced in the virtual jazz bar. For qualitative measures,
we ran a paired-participant semi-structured interview within-VR.
This helped ensure participants’ impressions are more directly re-
lated to what was observed, where they can easily refer to the
biosignal visualizations during the group interview. The consensu-
ally audio-recorded interviews included asking participants about
their overall experience, reflections on their responses, biosignal
interpretations, added value and limitations, privacy issues, and
other applications. Our study followed strict guidelines from our in-
stitute’s ethics and data protection committee, including COVID-19
regulations.
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(a) Backstage view.

(b) View of paired-interview session.

Figure 6: The virtual jazz bar environment.

4.2 Hardware and software setup

4.2.1 Technical setup. The VR jazz bar and visualizations were
implemented in Unity’. Universal Render Pipeline was used for
the Shader graph function to build the desired visualization effects.
HTC Vive Pro Eye HMD was used for displaying the scenes. All
3D avatars and models were built with Blender®. Some of the envi-
ronment 3D models were sourced from Sketchfab®. Rigged avatar
animations were downloaded from Adobe Mixamo!?. The forego-
ing tools helped ensure the environment and visualizations were
aesthetically appealing.

4.2.2  Jazz bar environment. The jazz bar consists of a stage, tables,
chairs, and extra ornaments (Figure 6). Within the jazz bar, other
avatars with visualized biosignals are co-present alongside the
participant’s avatar. The user can see their companion, the audience,
and the jazz band within their viewport. Western Saloon model
from Sketchfab, alongside stage curtains and light models, worked
as a rudimentary frame for environment creation. Point lights were
used to create a dark and dim atmosphere, which served recreate a
jazz bar atmosphere. Avatar models were built in Blender, where
hairstyle and clothing color were varied for each avatar. All avatar
models were auto-rigged using Mixamo. For music, "A Brand New
Start" (genre: Jazz & Blues; Mood: Happy)!! was selected to ensure
a lively and positive virtual jazz bar experience.

4.2.3 Generating biosignals. Biosignal data with the desired dura-
tion, noise, and rate was artificially generated using Electrocardio-
gram (ECG) and respiration simulations within NeuroKit2 [59]. HR
signals were generated using a ‘Daubechies’ wavelet that roughly
approximates a single cardiac cycle, whereas respiratory signals are
based on a trigonometric sine wave that roughly approximates a
single respiratory cycle. While more complex simulations exist, we
kept these simple given our focus on comparing visualizations in a
uniform manner, and not on accurately modeling sensed biosignals.
A total of six biosignals (High, Rest, and Low rates for HR and
BR) were artificially generated (Figure 7), each for 24 seconds. This
duration was deemed suitable for our purposes. We used a sampling
rate of 1000 (default), with the following beats/breathes per minute
(bpm) for each signal. For HR, we had high (150 bpm), rest (100),
low (50). For BR, we had high (21), rest (14), low (7). These values
are based on average human heart rates [3] and breathing patterns
[7], respectively. However, these rates do span a range of human

https://unity.com/
8https://www.blender.org/
https://sketchfab.com/
Ohttps://www.mixamo.com/
From Youtube Audio library.
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Figure 7: Generated biosignal plots across signal rates.
Shows only 12s for image clarity.

different activities, where for example a HR of 150 bpm is common
after exercise, but not while sedentary.

4.2.4 Biosignal visualization design. We took two considerations
into account when designing the final visualizations: (a) Color:
early work has shown that bright colors tend to be associated with
high valence and low arousal, while saturated colors tend to be
more arousing than unsaturated colors [96]. However, recent work
in affective visualization for VR [72] underscores the importance
of the environment, where evidence indicates that color associa-
tions can change according to the context where colors are used
[52]. Given little research on mappings between biosignals and
color hue, and given our parameter space (visualization, signal type,
rate), we defaulted on a familiar arousing (warm) red for HR, and a
less arousing (cold) blue for BR [108, 109]. Brightness and satura-
tion parameters were controlled as similarly as possible across the
visualizations to minimize perceptual variance. Apart from Skeu-
morphic designs which required shape (size) mappings, we varied
only brightness (as emission intensity) for the rest, considering
such visualizations may be used downstream with colorblind users
(cf., [77]) (b) Peripheral Attention: Given our moderate social
engagement setting (i.e., virtual jazz bar), we designed our visu-
alizations with peripheral attention considerations (i.e., ambient
awareness) [6, 60, 74] and aesthetics in mind. While we test these in
a controlled setting, we expect that if these visualizations are used
in social VR entertainment, they should be minimally attention
demanding.

4.2.5 Biosignal visualization implementation. Our final visualiza-
tions (with resting rates) are shown in Figure 1, and overview and
detailed videos in Supplementary Material A & B. They are pub-
licly available on GitHub: https://github.com/cwi-dis/CHI2022-
AvatarBiosignalVisualizations. Below we describe the visualiza-
tions, referring to the concepts in Figure 5.

1. Skeuomorphic: C3 adopts the familiar biosignal represen-
tation method ([15, 26, 43, 50, 62]) that follows a direct object to
design mapping (i.e., skeuomorphic). 3D heart and breath bubble
were built with Blender. HR and BR data were mapped to the size
of the icons, and the pulse and rate of exhalation, respectively.

2. Particles: C4 represents biosignals through particles near the
avatar. The amount, color, spiral shape, and frequency of particle
emissions were controlled to transmit the intended biosignal data


https://unity.com/
https://www.blender.org/
https://sketchfab.com/
https://www.mixamo.com/
https://github.com/cwi-dis/CHI2022-AvatarBiosignalVisualizations
https://github.com/cwi-dis/CHI2022-AvatarBiosignalVisualizations
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Figure 8: Our experiment procedure. Dotted outlines indi-
cate required participant actions.

into particles, using Unity’s Particle System. For HR, particles gave
a burst when the HR reached its peak from one ECG cycle, where
the number of particles for one burst was adjusted for different
arousal levels. For BR, particle bundles were visualized after a sine
graph of respiration, where start speed and particle amount were
controlled so that the particle sum is maintained.

3. Creature: C5 is a third-party identity that represents the
avatar’s biosignals (cf., animated otters in [56]). A cat-like, mov-
ing creature either in red (HR) or blue (BR) was built in Blender.
"Idle" and "Walk in Circle" animations brought the creature to life.
For both biosignals, data was mapped to the emission intensity
(flicker) of the creature’s surface (material shader). Despite that the
movement of the cat-like creature was not mapped to any biosignal
parameters, we kept it with the considerations that in social VR
entertainment a moving creature may be more suitable than an idle
one.

4. Environment: C6 uses the surroundings for expressing the
avatar biosignals ([90, 94]). As this can vary depending on the
environment, we selected tables and chairs as a means to represent
this, embedded where avatars are seated. A new material shader
with an emission effect was applied to the rim of the table and the
head of the chair, for both HR and BR.

4.3 Experiment setup and procedure

Our experiment procedure is shown in Figure 8, and lasted ap-
proximately one hour. Before the experiment, participants read
and signed the data privacy and consent forms, and filled in demo-
graphic details. We gave an overview of the study and explained
the study tasks, including a tutorial on how to navigate (via head
movement) within VR, and selecting questionnaire responses. For
the distraction question, participants were instructed to rate how
distracting the visualization was from their experience of being in
a virtual jazz bar and encountering a biosignal-augmented avatar.
Participants were tested in pairs, and were seated facing each other
in a spacious room each with their own headset and headphones
(Figure 9(a)).

For the first (quantitative) part, a participant’s avatar was seated
in front of an (agent) companion avatar, where the Likert-scale
questions were presented on a panel (Figure 9(b)). Participants
were given an overview of the scene. They were then instructed
to first observe their agent companion, the bar environment and
band, and thereafter reflect on their experience. The music play-
ing through the headphones ensured one participant’s experience
did not influence the other. Moreover, the tasks in this part were
carried out individually, and did not require interaction between
participants. Despite the nearby avatar audience, participants were
asked to base their responses solely on the agent avatar. The VR
questionnaire (Figure 9(b)) was sourced from VR Questionnaire
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Figure 9: (a) Study setup (b) Example within-VR panel show-
ing perceived avatar arousal question.

Toolkit!?. Participants entered responses with a button press on
the Vive controller. After the questionnaire responses, they took a
short break (~5 min.), and proceeded to the paired interview part.
In this second (qualitative) part, two participant avatars and one
experimenter avatar were sitting at the same table in the jazz bar.
The paired participants in each session were only associates in real
life. Here, the self-avatar gender representation matched the physi-
cal gender of each participant to avoid implicit biases [57]. The jazz
band was still present but the music was switched off. Opposite to
the band, four avatars showing the four visualizations were pre-
sented to help participants refer to them in real-time. Photon Unity
Networking 2 (PUN 2) was used for networking between Unity
files. Lastly, participants filled in the IPQ Presence questionnaire
[86], and were compensated with €10.

4.3.1  Participants. 32 participants'® (18f, 13m, 1 non-binary) aged
19-33 (M = 26.7,SD = 3.6) were recruited. Participants (23 under-
graduate / graduate students) were recruited primarily (though not
exclusively) from our institute, and spanned varied nationalities
and backgrounds (> 5). 90.6% reported having tried HMD-based VR
at least once, where only 21.8% reported having tried a social VR
platform at least once. None reported visual (including testing for
color blindness [44]), auditory or motor impairments.

4.4 Results

We report our analysis of perceived avatar arousal ratings, perceived
distraction ratings, visualization preferences, and IPQ scores. This
is followed by our semi-structured interview qualitative findings.
Shapiro-Wilk tests showed that arousal and distraction ratings, as
well as IPQ scores, were not normally distributed (p < 0.05). There-
fore, we ran non-parametric inferential statistical tests, and report
medians (Md) and inter-quartile ranges (IQR) where necessary.

4.4.1 Perceived avatar arousal ratings. Perceived avatar arousal
rating distributions for HR and BR are shown as boxplots in Figure
10(a) and Figure 10(b), respectively. Dashed lines show the mean
for perceived avatar arousal per visualization.

We analyzed the combined effects of Signal, Visualization, and
Rate by fitting a full linear mixed-effects model on our data. Since
our data distribution is not normal, we applied the aligned rank
transform prior to fitting [106]. Post-hoc contrast tests were per-
formed using ART-C [23]. Analysis of deviance table is shown in

https://github.com/MartinFk/VRQuestionnaireToolkit
B3For effect size f=0.25 under a = 0.05 and power (1-f8) = 0.95, with 24 repeated
measurements within factors, one would need minimum 12 participants.
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Figure 10: Boxplots showing perceived avatar arousal rat-
ings. Dashed line indicates mean score.

Factor F df p
Signal 107.89 1 <.001**
Visualization 1342 3  <.001**
Rate 12.52 2 <.001**
Signal x Visualization 2197 3 <.001*
Signal x Rate 0.76 2 0.47
Visualization x Rate 242 6 <0.05"
Signal x Visualization x Rate 1.41 6 0.21

Table 2: Analysis of deviance on the full mixed-effects model
using Aligned Rank Transformed data.

Table 2, where the model showed significance for all main effects:
Signal, Visualization, and Rate. Moreover, we found significant in-
teraction effects for Signal x Visualization and for Visualization x
Rate.

Interactions analysis between Signal and Visualization revealed
significant differences at 1% level for 15/26 level combinations. We
report on six of these, as these are the most relevant (with the
full list provided in Supplementary Material C). Contrasts com-
parisons between HR and BR showed significant differences for
Skeuomorphic, Creature, and Environment. This indicates that vi-
sualizations do indeed have a dependency on the signal type. For
contrasts within BR, we find significant differences between Parti-
cles on one hand, and Creature, Skeuomorphic, and Environment
on the other. However, we do not find this for level interactions
within HR. Interactions analysis (effect size range: [0.22-0.4]) be-
tween Visualization and Rate revealed significant differences for
14/66 level combinations. We report on the four most relevant. We
find significant interaction effects at 1% level between Skeuomor-
phic (high) - Skeuomorphic (low), which lends credence to the
suitability of the Skeuomorphic visualization in indicating arousal
levels through rate. We also find significant differences between
Skeuomorphic (low) - Particles (low), highlighting the differences
across visualizations for low rates. Lastly, we find significant differ-
ences between Creature (high) - Particles (high), as well as Creature
(rest) - Particles (rest) at 5% level. These highlight that even at the
same rate, the visualizations Creature and Particles differed in their
effects on perceived avatar arousal.
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Dashed line indicates mean score.

We further consider post-hoc differences among the perceived
avatar arousal ratings. For HR-Skeuomorphic, post-hoc Bonfer-
roni pairwise comparisons using Wilcoxon signed-rank tests re-
vealed significant differences between low and rest (Z = —3.27,p <
0.001,r = 0.33), low and high (Z = —3.94,p < 0.001,r = 0.4),
but not between rest and high (p = 0.07). For HR-Particles, post-
hoc tests revealed significant differences between low and high
(Z = -3.33,p < 0.001,r = 0.34), rest and high (Z = -3.61,p <
0.001,r = 0.37), but not between low and rest (p = 0.09). For
Environment, post-hoc tests revealed significant differences only
between low and high (Z = -2.15,p < 0.05,r = 0.22), rest and
high (Z = —2.45,p < 0.05,r = 0.25), but not between low and
rest (p = 0.25). These foregoing comparisons show that while for
Skeuomorphic HR it is easier to infer arousal differences between
low rates and any rate higher, the inverse applies for Particles and
Environment, where differences between low and rest were not
perceptually visible as between resting and higher rates. For BR,
post-hoc comparisons for BR-Skeuomorphic revealed significant dif-
ferences between low and rest (Z = —2.73,p < 0.05,r = 0.28), low
and high (Z = -3.39,p < 0.001, r = 0.35), but not between rest and
high (p = 0.14). This shows a similar effect as HR-Skeuomorphic,
where it appears to be easier to infer arousal differences between
low rates and higher, but not between resting and high rates.

4.4.2  Perceived distraction ratings. Perceived distraction rating dis-
tributions for HR and BR are shown as boxplots in Figure 11. Dashed
line shows the mean of perceived distraction scores across visual-
izations.

We analyzed the combined effects of Signal and Visualization by
fitting a full linear mixed-effects model on our data. We followed
a similar process to Sec 4.4.1. Analysis of deviance showed a sig-
nificant main effect for Visualization (F = 5.53,df = 3,p < 0.05)
and Signal x Visualization (F = 3.77,df = 3,p < 0.05), but not
for Signal (F = 0.28,df = 1,p = 0.59). Interaction analysis (effect
size range: [0.23-0.31]) between Signal and Visualization revealed
significant differences at 1% and 5% level for 4/28 level combina-
tions. Two relevant interaction effects are worth noting (with the
full list provided in Supplementary Material C): HR (Creature)
- HR (Skeuomorphic) (p < 0.001), and HR (Skeuomorphic) - HR
(Environment) (p < 0.05). This shows that even when consider-
ing interaction effects, HR-Skeuomorphic seems to be overall less
distracting than all but Particles.
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Post-hoc Bonferroni pairwise comparisons using Wilcoxon
signed-rank tests revealed significant differences between HR-
Skeuomorphic and HR-Creature (Z = 3.48,p < 0.001,r = 0.31),
HR-Skeuomorphic and HR-Environment (Z = —3.12,p < 0.05,r =
0.28), and HR-Particles and HR-Creature (Z = —2.59,p < 0.05,r =
0.23). However, no other significant effects were found. Interest-
ingly, while HR-Skeuomorphic seems to be the least distracting visu-
alization, it was not statistically less distracting than HR-Particles.

4.4.3  Overall visualization preference. Participants were asked
about their favorite visualization preferences. For HR, Skeuomor-
phic (84.4%) was the most preferred, followed by Creature (9.4%),
Particles (3.1%), and Environment (3.1%). For BR, Skeuomorphic
(37.5%) and Environment (34.4%) were the most preferable, followed
by Particles (18.8%) and Creature (9.4%).

4.4.4 IPQ TPQ scores were as follows: G - sense of being there
(Md = 6,IQR = 1), SP - spatial presence (Md = 5,IQR = 2), INV
- involvement (Md = 4.25,IQR = 3), REAL - experienced realism
(Md =3.75,IQR = 3).

4.5 Interview analysis

We follow a similar analysis procedure to Sec 3.2.3, which resulted
in four main themes. Each theme is discussed below, where 32
participants are labeled P1-P32. Participant counts > 5 are shown
numerically.

4.5.1 Biosignal visualization reflections. Skeuomorphic: Several
participants (9) found this visualization to be intuitive and familiar.
It was readily interpretable due to speed and size changes, for both
biosignals. It was also found to be minimally distracting by allowing
more focus on an avatar (P22: "..if I'm in front of someone, then I
want to focus on a conversation. So that was the most direct one and
takes me less effort to understand.").

Particles: While few participants (P10,P11) found the particles
gave an overall atmospheric feeling, others (8) found it confusing
(P12: "Particle ones are cool, but unclear for me...hard to notice its
speed change. And it was surrounding the person, so it will be a little
bit distracting."). One participant however mentioned its relevance
for a concert-like setting (P28: "I could totally see...in the concert, it’s
glowing up.").

Creature: Several participants (10) mentioned that the creatures
were too cute and do not represent the signals well, where among
those (P10,P16,P24,P26) also mentioned their distracting nature.
Furthermore, many (9) regarded the creatures as separate identities
due to their distance from and movements around the avatar. For
HR specifically, one participant mentioned that the ambiguity of
the creature was favorable (P28: "I liked the character showing the
heartbeat because it’s not really directly related to me.").

Environment: Some participants (5) found that the environ-
ment change visualization was most suitable for showing the at-
mospheric mood. The peripheral aspect of attending to it was high-
lighted (P26: "Because you can look at it and not look at it both. So that
was really good for me because I was comparing the same experience
with what happens in real life".) This lends support to our approach
of designing for peripheral attention.
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4.5.2 Biosignal visualization in social VR. Three sub-themes
emerged that pertain to perceiving biosignals in social VR:

Understanding Emotions and Moods of People and Spaces.
Some participants (8) mentioned that biosignals would only be
helpful if they help them understand others’ emotion states (P12: "If
these data cannot let me understand their emotion, then it will just
be extra information...but it’s interesting."). Additionally, visualized
biosignals can help people see the general vibe or mood of a virtual
space (P11: "..if you step into the room, you don’t know anybody, but
you want to know what is happening, right?"), or create stronger
bonds with others (P13: "..we really need this to have more bonding
between our interaction.".

Connecting with Others and Immersion. Participants found
biosignals as a means to better connect with others. Participants
(P1,P2) stated they would be more curious about a strangers’ biosig-
nals than someone they know (P1: "..more interesting to look at
a person’s biosignals who I met for the first time."). Few (P3,P8,P9)
mentioned that such biosignals could be used as an icebreaker (P3:
"I see your little animal [Creature], where did you get it?"). Others
mentioned they only care about their friends’ or family members’
biosignals. For some (P1,P3,P17), biosignal visualizations provided a
feeling that who they spoke with is in fact a real person (P16: "I feel
like I'm in a video game...but if you show a heartbeat or breathing...I
feel like more connected.”). Others (P1,P32) suggested that biosig-
nal visualizations in a public, crowded setting can contribute to
creating a unique atmosphere (P31: "If we are at a concert, if I can
see everybody’s biosignals, it could contribute to the atmosphere.").
Lastly, the benefits of customization was mentioned (P3: "If a person
personalizes their own way of visualizing their biosignals, I think the
space can be more colorful.”).

Biosignals beyond a Jazz Bar. One participant stated explicitly
that perceiving biosignals would be more beneficial in safety-critical
settings, or to aid self-reflection (P11: "...hesitant to talk to the ther-
apist..if it triggers you, then you can know from the fluctuation.").
Other use cases included biosignals as a (social) rating of quality
(P32: "...in restaurants...better arousal data means that the food is
good."), or as a performance improvement metric (P7: "If a band is
performing, the manager can get information from the VR headset.").

4.5.3 Biosignal (mis-)interpretation. While our quantitative anal-
ysis shows that overall avatar arousal levels can be differentiated,
some found this confusing. For several participants (11), the visual-
ization color influenced avatar arousal interpretation, where they
often linked the color red to high arousal, and blue with calming
and low arousal (P28:"...every breath felt more calming while every
red color felt more arousing."). While this was part of our design
approach (Sec 4.2.4) where participants were explicitly informed,
it nevertheless led to misinterpretation. Occasionally, participants
(P7,P14,P18) took the jazz band music into account when they rated
arousal levels, despite being told there is no association. Several
(8) found the Creature confusing given their motion parameters,
which were not mapped (P23: "..for the creature, it was confusing
when the creature started to move."). Others found BR to be difficult
to interpret due to its slower peak cycles (P20: "...breathing could
be slower than the heart rate. It could be heavy, but at a slower rate,
both could potentially indicate higher arousal."). In some cases how-
ever, biosignals could remove barriers of misinterpreting others or
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providing additional social cues (P15: "..a good substitute for body
language....we’ll see some things that you can’t normally seen in non-
VR setting. Breathing - you can tell, but the heartbeat, not necessarily,
so that’s cool.").

4.5.4  Privacy concerns in sharing and perceiving biosignals.
Whereas some participants did not have privacy concerns
(P2,P8,P9,P32), many (9) found sharing biosignals within social
VR concerning, whereas others (13) highlighted the importance
of context. Some (8) mentioned that since HR and BR is already
visible, sharing is acceptable. The acceptable degrees of sharing
biosignals varied according to setting (e.g., conference, cinema), or
their relationship with an avatar (P11: "I am okay with sharing my
data with that person who I know. But not everyone in the room.").
Furthermore, designs can be acceptable if they do not show exact
numerical values. Relatedly, some (6) wanted to avoid too much
transparency by revealing their innermost feelings. To this end, one
suggested data obfuscation strategies (P22: "Maybe I can show 80
percent of real data and the other 20 are fake data."). Despite such
concerns, others (P11, P14) wanted to see other peoples’ biosignals
even if hiding their own (P14: "I don’t know if I want them to know
what I'm actually feeling. But I would love to know what they are

feeling.").

5 GENERAL DISCUSSION

5.1 Limitations and future work

First, given our controlled study, we restricted ourselves to simu-
lated biosignal feedback, where we do not consider live biosensing
nor more complex heart rate (HR) [64] and breathing rate (BR) pa-
rameters [27, 75, 81]. While our scope was to firstly identify suitable
and interpretable visualizations for social VR entertainment, this re-
quired simplifying parameter choices, where mapping to real-time
sensed biosignal data and measuring physiological reactions (e.g.,
pupil dilation) is a natural progression towards future work. Relat-
edly, we do not address cases of a mismatch between the perceived
avatar biosignals and the true arousal status of a user embodying
that avatar. Similarly, while we do not consider congruence be-
tween a person’s emotional state and their avatar biosignals, these
aspects can increase future ecological validity. Second, we found
Skeuomorphic designs were generally most preferred, which raises
the question of whether these are due to mere exposure effects [110]
or mapping familiarity. While this would ideally be tested through
a longitudinal study to tease out familiarity and novelty effects,
our participant sample size and novelty of biosignal visualizations
should not undermine participant responses.

Third, we focused only on visual representations. While prior
work has shown for example that the sound of a heartbeat can serve
as an expressive biosignal cue [19] and can elicit empathy [105],
such cues can be obtrusive for social VR experiences, especially in
an environment with music. Nevertheless, we aim to later explore
such multimodal feedback (e.g., affective thermal stimuli [22]) as
potential biosignal visualizations. Fourth, our perceived distraction
measures should be interpreted cautiously given our controlled
scenario, where attentional demands and how distractions from
real-world avatar interactions unfold need to be investigated further.
Fifth, while we focused on HR and BR, subsequent work should
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consider other biosignals (e.g., EEG) for wider applicability, and
combinations of biosignals visualized simultaneously. Lastly, while
we considered the role of color perception (cf., [96]) and use of
brightness as a more universal design element, further testing is
needed to mitigate any biases that emerge in affective interpretation
[8, 72], and ensure accessible designs for color-impaired individuals.

5.2 Towards expressive biosignal visualizations
in social VR entertainment

One goal of this work Part 1 was to understand current user percep-
tions towards avatars and expressive biosignals in social VR (RQ1a),
and how they are visualized for entertainment spaces (RQ1b). Our
research resulted in key findings related to customizing avatars, lim-
its in expressing emotion, indicating presence, engagement, com-
fort, immersion, and privacy concerns. Based on these and our
controlled study, we find that virtual avatars can be augmented
with expressive biosignals to allow richer forms of understanding
virtual people and spaces (cf., [30, 40]), can reconfigure and enhance
connections with others (e.g., through authentic communication
[56]), and have the capacity to make social VR more immersive and
exciting [94]. However, the choice of biosignal design is paramount
to avoid misinterpretations, which echoes similar findings from
Howell et al. [43] who caution about the often inherent ambiguities
in biosignal cues. Given our study design using synthetic biosignals,
we cannot currently distill how our visualizations are perceived
during natural (e.g,. conversational) social VR interactions (cf., im-
mersive concerts [9]), which is reflected in our moderate Realism
and Involvement IPQ scores (Sec 4.4.4). Nevertheless, our work pro-
vides the foundations for deploying such visualizations in the social
VR wild, and provides opportunities to further explore the role of
biosignals in physiological synchrony and social connectedness.
Furthermore, the type of relation towards an avatar (friend, vir-
tual friend, stranger), and type of entertainment scenario (low,
moderate, high engagement), impacts not only how biosignal vi-
sualizations are perceived, but also their suitability. For example,
visualizing numerical HR values may not be appropriate in a moder-
ate socially engaging setting such as jazz bar, but can be for medical
settings (cf., Sec 4.5.2). This furthermore relates to the recurring
finding (cf., sharing HR [53, 90] and breathing [27]) of expressed
privacy concerns over sharing and perceiving biosignals, and re-
sponsible use in general. Here, it is paramount for users that such
visualizations do not always reveal detailed biosignal data with
strangers. While we took considerations of responsible technol-
ogy embodiment into account [4] and situated our work in social
VR entertainment spaces, further ahead it may necessitate a more
contextual approach towards biosignal privacy (cf., [70]).

5.3 Biosignal visualization effectiveness in a
Social VR entertainment setting

Within our virtual jazz bar scenario, we investigated the effects of
different visualizations (RQ2) of HR and BR on perceived arousal,
distraction, and preferences. For perceived avatar arousal, we found
that a Skeuomorphic design allowed differentiable inferences of
avatar arousal for both biosignals, however with easier arousal
inference between low rates and higher. Being able to infer such
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differences supports Li et al’s [50] findings, who found that vary-
ing HR can lead to higher perceived avatar arousal. We also find
that visualizations do indeed depend on the signal type. This has
downstream implications should such biosignal visualizations be
measured precisely using biosensors, where one would not have
clear-cut, constant signal rates, possibly resulting in increased in-
terpretability issues; so-called "ambiguity of observation" [43]. This
may require amplifying the visualization so that even smaller value
fluctuations are visually exaggerated. This becomes important if
one chooses more subtle indicators to visualize biosignals (cf., real-
istic blood flow animations [63]), where such indicators may not
be discernible during social VR interactions. For perceived distrac-
tion, we found that Skeuomorphic was the least distracting for
HR, but not statistically less distracting than Particles, even when
considering interactions. By contrast for BR, the visualization type
did not statistically influence distraction ratings, suggesting BR
designs were generally distracting away (Md = 4 — 6) from the bar
experience and companion avatar.

Given our entertainment setting, a recurring theme was on un-
derstanding the emotions and moods of people (avatars) versus
spaces. We expected that visualizations more geared for peripheral
attention [6, 60, 74] (Creature and Environment) would be over-
all more suitable for social settings, following Gradl et al’s [33]
findings that a screen pulse overlay is most suitable (albeit for inte-
roceptive awareness). We instead found Skeuomorphic designs to
be the least distracting (Sec 4.4.2) for HR, highlighting tensions be-
tween interpretability and reported attentional demands. This does
however support Ceenu & Hassib’s [30] findings, who found that
an ‘aura’ avatar visualization that was always visible to be the most
preferred. By contrast, BR visualizations did not significantly differ
with respect to perceived distraction, where overall preferences
showed that Skeuomorphic designs were similarly preferred as
Environment (Sec 4.4.3). This shows that the biosignal type and its
rate can influence both interpretability and distraction, irrespective
of its visual representation.

5.4 Design considerations for social VR
entertainment

More interpretable, less distracting. We find that skeuomorphic
designs, due to their familiarity and interpretability, are a preferred
means of visualizing biosignals since they are perceived to be less
distracting. However, for understanding the atmosphere or ambi-
ence of a virtual space, other visualizations such as environment
change may be more suitable (e.g., virtual emotion isles [88]). Fur-
thermore, for Creature, we found participants felt confused when
interpreting multiple design elements, which suggests that for max-
imum effectiveness, either all design elements should have a clear
mapping to a biosignal, or consider only few parameters.

More visualization customization, more ambiguous inter-
pretations. It became evident that individuals would prefer to
customize their own biosignal visualization (Sec 4.5.2). However,
without a standardized set of visualizations that are familiar to users,
this can come at the cost of ambiguous social interpretation [43, 53],
obtrusiveness, and even trustworthiness [65]. Therefore, the types
of interactions and attitudes a social VR space with multiple avatar
biosignal visualizations affords, remains open.

Lee et al.

Perceiving, but not sharing biosignals. Despite that partici-
pants valued perceiving biosignals, many expressed privacy con-
cerns, from who these biosignals are being shared with, to which
abstraction level the data sits. This echoes previous findings from
Hassib et al. [40], where people reported enjoying perceiving oth-
ers’ biosignals, but not themselves sharing (Sec 4.5.4). This leaves
it open to what extent such signals would be shared if social VR
users have access to the right privacy-centric visualizations, and
under which entertainment scenario.

Biosignal animations can falsely indicate availability sta-
tus. We find that biosignals can play a role as avatar online status
indicators (cf., awareness displays [20]). This can provide another
means for "idle" users to indicate their presence to others in a social
virtual space (Sec 3.2.3, T3), or even allow verifying humanness
(Sec 4.5.2). However, this can also provide a new means to mislead
others [16] in facilitating wasted interactions. Given this, one would
need to consider freezing the biosignal, since the animations can
provide the incorrect social cue at times.

6 CONCLUSION

This work aimed at addressing how users perceive biosignals in
social VR entertainment, and how biosignal visualizations can be
sensibly integrated into avatars. Based on several studies, we ar-
rived at four biosignal visualizations, and explored in a controlled
study their effects on perceived avatar arousal, user distraction,
and overall preferences. Our findings show that (a) skeuomorphic
visualizations for both HR and BR allowed differentiable inferences
of arousal (b) skeuomorphic and particles were the least distracting
visualization for HR, whereas no statistical differences in distrac-
tion were found for BR visualizations (c) participants’ perceived
suitability of a biosignal representation often depends on the type
of relation towards an avatar, type of entertainment, and whether
the purpose is for understanding emotions of an avatar or the
emotion/mood of a space. Our work provides insights on how
user perceive biosignals in social VR, four empirically validated
biosignal visualizations (https://github.com/cwi-dis/CHI2022-
AvatarBiosignalVisualizations) for HR and BR, and design con-
siderations and insights that can support future researchers and
practitioners in creating more effective avatar biosignal visualiza-
tions for social VR entertainment.

REFERENCES

[1] N. Ambady and R. Rosenthal. 1992. Thin slices of expressive behavior as predic-
tors of interpersonal consequences: A meta-analysis. Psychological Bulletin 111
(1992), 256-274.

[2] Dekker Andrew and Champion Erik. 2007. Please Biofeed the Zombies: Enhanc-
ing the Gameplay and Display of a Horror Game Using Biofeedback. In DiGRA
&#3907 - Proceedings of the 2007 DiGRA International Conference: Situated Play.
The University of Tokyo, Tokyo, Japan, 550-558. http://www.digra.org/wp-
content/uploads/digital-library/07312.18055.pdf

[3] American Heart Association. 2021. All About Heart Rate (Pulse).
https://www.heart.org/HEARTORG/Conditions/HighBloodPressure/
GettheFactsAboutHighBloodPressure/All- About-Heart-Rate-Pulse_UCM_
438850_Article.jsp

[4] Laura Aymerich-Franch and Eduard Fosch-Villaronga. 2020. A Self-Guiding Tool
to Conduct Research With Embodiment Technologies Responsibly. Frontiers in
Robotics and AI 7 (2020), 22. https://doi.org/10.3389/frobt.2020.00022

[5] Jeremy Bailenson, Nick Yee, Dan Merget, and Ralph Schroeder. 2006. The Effect
of Behavioral Realism and Form Realism of Real-Time Avatar Faces on Verbal
Disclosure, Nonverbal Disclosure, Emotion Recognition, and Copresence in
Dyadic Interaction. Presence 15 (08 2006), 359-372. https://doi.org/10.1162/pres.
15.4.359


https://github.com/cwi-dis/CHI2022-AvatarBiosignalVisualizations
https://github.com/cwi-dis/CHI2022-AvatarBiosignalVisualizations
http://www.digra.org/wp-content/uploads/digital-library/07312.18055.pdf
http://www.digra.org/wp-content/uploads/digital-library/07312.18055.pdf
https://www.heart.org/HEARTORG/Conditions/HighBloodPressure/GettheFactsAboutHighBloodPressure/All-About-Heart-Rate-Pulse_UCM_438850_Article.jsp
https://www.heart.org/HEARTORG/Conditions/HighBloodPressure/GettheFactsAboutHighBloodPressure/All-About-Heart-Rate-Pulse_UCM_438850_Article.jsp
https://www.heart.org/HEARTORG/Conditions/HighBloodPressure/GettheFactsAboutHighBloodPressure/All-About-Heart-Rate-Pulse_UCM_438850_Article.jsp
https://doi.org/10.3389/frobt.2020.00022
https://doi.org/10.1162/pres.15.4.359
https://doi.org/10.1162/pres.15.4.359

Understanding and Designing Avatar Biosignal Visualizations for Social Virtual Reality Entertainment

[6]

(7]

8

[9]

(10]

[11

[12

(13

[14

(15]

=
&

(17]

[18

[19

[20

[21

[22

[23

[24

Saskia Bakker, Doris Hausen, and Ted Selker. 2016. Peripheral Interaction:
Challenges and Opportunities for HCI in the Periphery of Attention. Springer,
Cham.

K.E. Barrett, S.M. Barman, S. Boitano, and H. Brooks. 2009. Ganong’s Review
of Medical Physiology, 23rd Edition. Mcgraw-hill, New York, NY, USA. https:
//books.google.nl/books?id=fnEc16_ArFUC

Lyn Bartram, Abhisekh Patra, and Maureen Stone. 2017. Affective Color in
Visualization. Association for Computing Machinery, New York, NY, USA,
1364?1374. https://doi.org/10.1145/3025453.3026041

Alejandro Beacco, Ramon Oliva, Carlos Cabreira, Jaime Gallego, and Mel Slater.
2021. Disturbance and Plausibility in a Virtual Rock Concert: A Pilot Study. In
2021 IEEE Virtual Reality and 3D User Interfaces (VR). IEEE Computer Society,
Los Alamitos, CA, USA, 538-545. https://doi.org/lQ1109/VR50410.2021.00078
Dhruv Beri and K. Jayasankara Reddy. 2019. Physiological Correlates of Arousal:
A Metaanalytic Review. Journal of Neurology and Neuroscience 10 (01 2019).
https://doi.org/10.36648/2171-6625.10.4.302

Guillermo Bernal and Pattie Maes. 2017. Emotional Beasts: Visually Expressing
Emotions through Avatars in VR. In Proceedings of the 2017 CHI Conference
Extended Abstracts on Human Factors in Computing Systems (Denver, Colorado,
USA) (CHI EA ’17). Association for Computing Machinery, New York, NY, USA,
239572402. https://doi.org/10.1145/3027063.3053207

Guillermo Bernal, Tao Yang, Abhinandan Jain, and Pattie Maes. 2018. Phys-
ioHMD: A Conformable, Modular Toolkit for Collecting Physiological Data
from Head-Mounted Displays. In Proceedings of the 2018 ACM International
Symposium on Wearable Computers (Singapore, Singapore) (ISWC ’18). As-
sociation for Computing Machinery, New York, NY, USA, 160?167. https:
//doi.org/10.1145/3267242.3267268

Margaret M Bradley and Peter J Lang. 1994. Measuring emotion: the self-
assessment manikin and the semantic differential. Journal of behavior therapy
and experimental psychiatry 25, 1 (1994), 49-59.

Kathy Charmaz. 2006. Constructing grounded theory : a practical guide
through qualitative analysis. Sage Publications, London; Thousand Oaks,
Calif. http://www.amazon.com/Constructing-Grounded-Theory-Qualitative-
Introducing/dp/0761973532

Hao Chen, Arindam Dey, Mark Billinghurst, and Robert W. Lindeman. 2017.
Exploring the Design Space for Multi-Sensory Heart Rate Feedback in Immersive
Virtual Reality. In Proceedings of the 29th Australian Conference on Computer-
Human Interaction (Brisbane, Queensland, Australia) (OZCHI ’17). Association
for Computing Machinery, New York, NY, USA, 108?116. https://doi.org/10.
1145/3152771.3152783

Camille Cobb, Lucy Simko, Tadayoshi Kohno, and Alexis Hiniker. 2020. User
Experiences with Online Status Indicators. Association for Computing Machinery,
New York, NY, USA, 1?12. https://doi.org/10.1145/3313831.3376240

Max T. Curran, Jeremy Raboff Gordon, Lily Lin, Priyashri Kamlesh Sridhar, and
John Chuang. 2019. Understanding Digitally-Mediated Empathy: An Exploration
of Visual, Narrative, and Biosensory Informational Cues. Association for Com-
puting Machinery, New York, NY, USA, 1?13. https://doi.org/10.1145/3290605.
3300844

F. De Simone, J. Li, H. G. Debarba, A. E. Ali, S. N. B. Gunkel, and P. Cesar.
2019. Watching Videos Together in Social Virtual Reality: An Experimental
Study on User’s QoE. In 2019 IEEE Conference on Virtual Reality and 3D User
Interfaces (VR). IEEE Computer Society, Los Alamitos, CA, USA, 890-891. https:
//doi.org/10.1109/VR.2019.8798264

Arindam Dey, Hao Chen, Ashkan Hayati, Mark Billinghurst, and Robert W.
Lindeman. 2019. Sharing Manipulated Heart Rate Feedback in Collaborative
Virtual Environments. In 2019 IEEE International Symposium on Mixed and
Augmented Reality (ISMAR). IEEE Computer Society, Los Alamitos, CA, USA,
248-257. https://doi.org/10.1109/ISMAR.2019.00022

Anind K. Dey and Ed de Guzman. 2006. From Awareness to Connectedness:
The Design and Deployment of Presence Displays. Association for Computing
Machinery, New York, NY, USA, 899?908. https://doi.org/10.1145/1124772.
1124905

Aidan D’Souza, Bernd Ploderer, Madison Klarkowski, and Peta Wyeth. 2018. Aug-
menting Co-Located Social Play with Biofeedback: An Interactional Approach.
In Proceedings of the 2018 Annual Symposium on Computer-Human Interaction in
Play (Melbourne, VIC, Australia) (CHI PLAY ’18). Association for Computing Ma-
chinery, New York, NY, USA, 113?125. https://doi.org/10.1145/3242671.3242679
Abdallah El Ali, Xingyu Yang, Swamy Ananthanarayan, Thomas Roggla, Jack
Jansen, Jess Hartcher-O’Brien, Kaspar Jansen, and Pablo Cesar. 2020. Ther-
malWear: Exploring Wearable On-Chest Thermal Displays to Augment Voice
Messages with Affect. In Proceedings of the 2020 CHI Conference on Human Factors
in Computing Systems (Honolulu, HI, USA) (CHI °20). Association for Computing
Machinery, New York, NY, USA, 1?714. https://doi.org/10.1145/3313831.3376682
Lisa A. Elkin, Matthew Kay, James J. Higgins, and Jacob O. Wobbrock.
2021. An Aligned Rank Transform Procedure for Multifactor Contrast Tests.
arXiv:2102.11824 [stat.ME]

Milou A. Feijt, Joyce H.D.M. Westerink, Yvonne A.W. De Kort, and Wijnand A.
Isselsteijn. 2021. Sharing biosignals: An analysis of the experiential and com-
munication properties of interpersonal psychophysiology. Human—Computer

CHI ’22, April 29-May 5, 2022, New Orleans, LA, USA

Interaction 0, 0 (2021), 1-30. https://doi.org/10.1080/07370024.2021.1913164
arXiv:https://doi.org/10.1080/07370024.2021.1913164

Catherine S. Fichten, Vicki Tagalakis, Darlene Judd, John Wright, and
Rhonda Amsel. 1992.  Verbal and Nonverbal Communication Cues in
Daily Conversations and Dating. The Journal of Social Psychology
132, 6 (1992), 751-769. https://doi.org/10.1080/00224545.1992.9712105
arXiv:https://doi.org/10.1080/00224545.1992.9712105

[26] Jérémy Frey. 2016. Remote Heart Rate Sensing and Projection to Renew Tradi-

tional Board Games and Foster Social Interactions. In Proceedings of the 2016
CHI Conference Extended Abstracts on Human Factors in Computing Systems (San
Jose, California, USA) (CHI EA ’16). Association for Computing Machinery, New
York, NY, USA, 1865?1871. https://doi.org/10.1145/2851581.2892391

Jérémy Frey, May Grabli, Ronit Slyper, and Jessica R. Cauchard. 2018. Breeze:
Sharing Biofeedback through Wearable Technologies. Association for Computing
Machinery, New York, NY, USA, 1?12. https://doi.org/10.1145/3173574.3174219
Maia Garau, Mel Slater, Vinoba Vinayagamoorthy, Andrea Brogni, Anthony
Steed, and M. Angela Sasse. 2003. The Impact of Avatar Realism and Eye Gaze
Control on Perceived Quality of Communication in a Shared Immersive Virtual
Environment. In Proceedings of the SIGCHI Conference on Human Factors in
Computing Systems (Ft. Lauderdale, Florida, USA) (CHI ’03). Association for
Computing Machinery, New York, NY, USA, 529?536. https://doi.org/10.1145/
642611.642703

Sarah N. Garfinkel, Anil K. Seth, Adam B. Barrett, Keisuke Suzuki, and Hugo D.
Critchley. 2015. Knowing your own heart: Distinguishing interoceptive accuracy
from interoceptive awareness. Biological Psychology 104 (2015), 65-74. https:
//doi.org/10.1016/j.biopsycho.2014.11.004

Ceenu George and Mariam Hassib. 2019. Towards Augmenting IVR Communi-
cation with Physiological Sensing Data. In Extended Abstracts of the 2019 CHI
Conference on Human Factors in Computing Systems (Glasgow, Scotland Uk)
(CHI EA ’19). Association for Computing Machinery, New York, NY, USA, 1?6.
https://doi.org/10.1145/3290607.3313082

Renaud Gervais, Jérémy Frey, Alexis Gay, Fabien Lotte, and Martin Hachet.
2016. TOBE: Tangible Out-of-Body Experience. In Proceedings of the TEI ’16:
Tenth International Conference on Tangible, Embedded, and Embodied Interaction
(Eindhoven, Netherlands) (TEI '16). Association for Computing Machinery, New
York, NY, USA, 227?235. https://doi.org/10.1145/2839462.2839486

Erving Goffman. 1959. The Presentation of Self in Everyday Life. Anchor, Ger-
many.

Stefan Gradl, Markus Wirth, Tobias Zillig, and Bjoern M Eskofier. 2018. Visu-
alization of heart activity in virtual reality: A biofeedback application using
wearable sensors. In 2018 IEEE 15th International Conference on Wearable and
Implantable Body Sensor Networks (BSN). IEEE Computer Society, Los Alamitos,
CA, USA, 152-155. https://doi.org/10.1109/BSN.2018.8329681

Mariel Grassmann, Elke Vlemincx, Andreas Leupoldt, Justin Mittelstadt, and
Omer Van den Bergh. 2016. Respiratory Changes in Response to Cognitive
Load: A Systematic Review. Neural Plasticity 2016 (01 2016), 1-16. https:
//doi.org/10.1155/2016/8146809

Darylynn Griffin. 1998. Biofeedback: A Practitioner?s Guide,
2nd Edition. American  Journal of Occupational Therapy 52,
4 (04 1998), 307-307. https://doi.org/10.5014/ajot.52.4.307b
arXiv:https://ajot.aota.org/aota/content_public/journal/ajot/930024/307b.pdf
Andreas Halbig and Marc Erich Latoschik. 2021. A Systematic Review of Physi-
ological Measurements, Factors, Methods, and Applications in Virtual Reality.
Frontiers in Virtual Reality 2 (2021), 89. https://doi.org/10.3389/frvir.2021.694567
Jonathon D. Hart, Thammathip Piumsomboon, Louise Lawrence, Gun A. Lee,
Ross T. Smith, and Mark Billinghurst. 2018. Emotion Sharing and Augmen-
tation in Cooperative Virtual Reality Games. In Proceedings of the 2018 An-
nual Symposium on Computer-Human Interaction in Play Companion Extended
Abstracts (Melbourne, VIC, Australia) (CHI PLAY ’18 Extended Abstracts). As-
sociation for Computing Machinery, New York, NY, USA, 453?460. https:
//doi.org/10.1145/3270316.3271543

[38] J. D. Hart, T. Piumsomboon, G. Lee, and M. Billinghurst. 2018. Sharing and

Augmenting Emotion in Collaborative Mixed Reality. In 2018 IEEE International
Symposium on Mixed and Augmented Reality Adjunct (ISMAR-Adjunct). IEEE
Computer Society, Los Alamitos, CA, USA, 212-213. https://doi.org/10.1109/
ISMAR-Adjunct.2018.00069

Mariam Hassib, Daniel Buschek, Pawel W. Wozniak, and Florian Alt. 2017.
HeartChat: Heart Rate Augmented Mobile Chat to Support Empathy and Awareness.
Association for Computing Machinery, New York, NY, USA, 2239?2251. https:
//doi.org/10.1145/3025453.3025758

Mariam Hassib, Mohamed Khamis, Stefan Schneegass, Ali Sahami Shirazi, and
Florian Alt. 2016. Investigating User Needs for Bio-sensing and Affective Wear-
ables. In Proceedings of the 2016 CHI Conference Extended Abstracts on Human
Factors in Computing Systems (San Jose, California, USA) (CHI EA ’16). ACM,
New York, NY, USA, 1415-1422. https://doi.org/10.1145/2851581.2892480
Paul Heidicker, Eike Langbehn, and Frank Steinicke. 2017. Influence of avatar
appearance on presence in social VR. In 3D User Interfaces (3DUI), 2017 IEEE


https://books.google.nl/books?id=fnEc16_ArFUC
https://books.google.nl/books?id=fnEc16_ArFUC
https://doi.org/10.1145/3025453.3026041
https://doi.org/10.1109/VR50410.2021.00078
https://doi.org/10.36648/2171-6625.10.4.302
https://doi.org/10.1145/3027063.3053207
https://doi.org/10.1145/3267242.3267268
https://doi.org/10.1145/3267242.3267268
http://www.amazon.com/Constructing-Grounded-Theory-Qualitative-Introducing/dp/0761973532
http://www.amazon.com/Constructing-Grounded-Theory-Qualitative-Introducing/dp/0761973532
https://doi.org/10.1145/3152771.3152783
https://doi.org/10.1145/3152771.3152783
https://doi.org/10.1145/3313831.3376240
https://doi.org/10.1145/3290605.3300844
https://doi.org/10.1145/3290605.3300844
https://doi.org/10.1109/VR.2019.8798264
https://doi.org/10.1109/VR.2019.8798264
https://doi.org/10.1109/ISMAR.2019.00022
https://doi.org/10.1145/1124772.1124905
https://doi.org/10.1145/1124772.1124905
https://doi.org/10.1145/3242671.3242679
https://doi.org/10.1145/3313831.3376682
https://arxiv.org/abs/2102.11824
https://doi.org/10.1080/07370024.2021.1913164
https://arxiv.org/abs/https://doi.org/10.1080/07370024.2021.1913164
https://doi.org/10.1080/00224545.1992.9712105
https://arxiv.org/abs/https://doi.org/10.1080/00224545.1992.9712105
https://doi.org/10.1145/2851581.2892391
https://doi.org/10.1145/3173574.3174219
https://doi.org/10.1145/642611.642703
https://doi.org/10.1145/642611.642703
https://doi.org/10.1016/j.biopsycho.2014.11.004
https://doi.org/10.1016/j.biopsycho.2014.11.004
https://doi.org/10.1145/3290607.3313082
https://doi.org/10.1145/2839462.2839486
https://doi.org/10.1109/BSN.2018.8329681
https://doi.org/10.1155/2016/8146809
https://doi.org/10.1155/2016/8146809
https://doi.org/10.5014/ajot.52.4.307b
https://arxiv.org/abs/https://ajot.aota.org/aota/content_public/journal/ajot/930024/307b.pdf
https://doi.org/10.3389/frvir.2021.694567
https://doi.org/10.1145/3270316.3271543
https://doi.org/10.1145/3270316.3271543
https://doi.org/10.1109/ISMAR-Adjunct.2018.00069
https://doi.org/10.1109/ISMAR-Adjunct.2018.00069
https://doi.org/10.1145/3025453.3025758
https://doi.org/10.1145/3025453.3025758
https://doi.org/10.1145/2851581.2892480

CHI 22, April 29-May 5, 2022, New Orleans, LA, USA

Symposium on. IEEE Computer Society, Los Alamitos, CA, USA, 233-234.
Javier Hernandez, Ivan Riobo, Agata Rozga, Gregory D. Abowd, and Rosalind W.
Picard. 2014. Using Electrodermal Activity to Recognize Ease of Engagement in
Children during Social Interactions. In Proceedings of the 2014 ACM International
Joint Conference on Pervasive and Ubiquitous Computing (Seattle, Washington)
(UbiComyp ’14). Association for Computing Machinery, New York, NY, USA,
307?317. https://doi.org/10.1145/2632048.2636065

Noura Howell, Laura Devendorf, Rundong (Kevin) Tian, Tomas Vega Galvez,
Nan-Wei Gong, Ivan Poupyrev, Eric Paulos, and Kimiko Ryokai. 2016. Biosignals
as Social Cues: Ambiguity and Emotional Interpretation in Social Displays of
Skin Conductance. In Proceedings of the 2016 ACM Conference on Designing
Interactive Systems (Brisbane, QLD, Australia) (DIS ’16). Association for Comput-
ing Machinery, New York, NY, USA, 865?870. https://doi.org/10.1145/2901790.
2901850

Shinobu Ishihara et al. 1918. Tests for color blindness. American Journal of
Ophthalmology 1, 5 (1918), 376.

Joris Janssen, Jeremy Bailenson, Wijnand Ijsselsteijn, and Joyce Westerink. 2010.
Intimate Heartbeats: Opportunities for Affective Communication Technology.
Affective Computing, IEEE Transactions on 1 (07 2010), 72-80. https://doi.org/10.
1109/T-AFFC.2010.13

Sungchul Jung, Christian Sandor, Pamela J. Wisniewski, and Charles E. Hughes.
2017. RealME: The Influence of Body and Hand Representations on Body
Ownership and Presence. In Proceedings of the 5th Symposium on Spatial User
Interaction (Brighton, United Kingdom) (SUI ’17). Association for Computing
Machinery, New York, NY, USA, 3?11. https://doi.org/10.1145/3131277.3132186
S. Kiesler, J. Siegel, and T. McGuire. 1984. Social psychological aspects of
computer-mediated communication. Computer Supported Cooperative Work 39,
10 (1984), 657-682.

M.L. Knapp, J.A. Hall, and T.G. Horgan. 2013. Nonverbal Communication in
Human Interaction. Cengage Learning, Boston, USA. https://books.google.nl/
books?id=-g7hkSR_mLoC

Sylvia D. Kreibig. 2010. Autonomic nervous system activity in emotion: A
review. Biological Psychology 84, 3 (2010), 394-421. https://doi.org/10.1016/j.
biopsycho.2010.03.010 The biopsychology of emotion: Current theoretical and
empirical perspectives.

Benjamin J. Li, Jeremy N. Bailenson, Elise Ogle, and Jamil Zaki. 2020. Ex-
ploring the heart rate as a chronemic cue in virtual settings: how per-
ceptions of consistent and varied heart rates of a storyteller influence
self-reported other-arousal, empathy and social presence. = Media Psy-
chology 0, 0 (2020), 1-25. https://doi.org/10.1080/15213269.2020.1788394
arXiv:https://doi.org/10.1080/15213269.2020.1788394

Jie Li, Yiping Kong, Thomas Roggla, Francesca De Simone, Swamy Anantha-
narayan, Huib de Ridder, Abdallah El Ali, and Pablo Cesar. 2019. Measuring
and Understanding Photo Sharing Experiences in Social Virtual Reality. In Pro-
ceedings of the 2019 CHI Conference on Human Factors in Computing Systems
(Glasgow, Scotland Uk) (CHI ’'19). Association for Computing Machinery, New
York, NY, USA, 1?14. https://doi.org/10.1145/3290605.3300897

Ruby Lipson-Smith, Julie Bernhardt, Edoardo Zamuner, Leonid Churilov, Nick
Busietta, and Damian Moratti. 2021. Exploring colour in context using Virtual
Reality: Does a room change how you feel? Virtual Reality 25 (09 2021), 1-15.
https://doi.org/10.1007/s10055-020-00479-x

Fannie Liu, Laura Dabbish, and Geoff Kaufman. 2017. Can Biosignals Be Ex-
pressive? How Visualizations Affect Impression Formation from Shared Brain
Activity. Proc. ACM Hum.-Comput. Interact. 1, CSCW, Article 71 (Dec. 2017),
21 pages. https://doi.org/10.1145/3134706

Fannie Liu, Laura Dabbish, and Geoff Kaufman. 2017. Supporting Social In-
teractions with an Expressive Heart Rate Sharing Application. Proc. ACM
Interact. Mob. Wearable Ubiquitous Technol. 1, 3, Article 77 (Sept. 2017), 26 pages.
https://doi.org/10.1145/3130943

Fannie Liu, Mario Esparza, Maria Pavlovskaia, Geoff Kaufman, Laura Dab-
bish, and Andrés Monroy-Hernandez. 2019. Animo: Sharing Biosignals on
a Smartwatch for Lightweight Social Connection. Proc. ACM Interact. Mob.
Wearable Ubiquitous Technol. 3, 1, Article 18 (March 2019), 19 pages. https:
//doi.org/10.1145/3314405

Fannie Liu, Chunjong Park, Yu Jiang Tham, Tsung-Yu Tsai, Laura Dabbish, Geoff
Kaufman, and Andrés Monroy-Hernandez. 2021. Significant Otter: Understand-
ing the Role of Biosignals in Communication. In Proceedings of the 2021 CHI
Conference on Human Factors in Computing Systems (Yokohama, Japan) (CHI
’21). Association for Computing Machinery, New York, NY, USA, Article 334,
15 pages. https://doi.org/10.1145/3411764.3445200

Sarah Lopez, Yi Yang, Kevin Beltran, Soo Jung Kim, Jennifer Cruz Hernandez,
Chelsy Simran, Bingkun Yang, and Beste F. Yuksel. 2019. Investigating Implicit
Gender Bias and Embodiment of White Males in Virtual Reality with Full Body
Visuomotor Synchrony. Association for Computing Machinery, New York, NY,
USA, 1?12. https://doi.org/10.1145/3290605.3300787

Ewa Lux, M. Adam, Verena Dorner, Sina Helming, M. T. Knierim, and C. Wein-
hardt. 2018. Live Biofeedback as a User Interface Design Element: A Review of
the Literature. Commun. Assoc. Inf. Syst. 43 (2018), 18.

[59]

[60

[61]

[62

[63

[64]

[65

[66

[67

[68

[69

[70

[71]

[72

[73

[74

[75

[76

[77

Lee et al.

Dominique Makowski, Tam Pham, Zen J. Lau, Jan C. Brammer, Francois
Lespinasse, Hung Pham, Christopher Schélzel, and S. H. Annabel Chen. 2021.
NeuroKit2: A Python toolbox for neurophysiological signal processing. Behavior
Research Methods 53 (02 Feb 2021), 1689?1696. https://doi.org/10.3758/s13428-
020-01516-y

Tara Matthews, Anind K. Dey, Jennifer Mankoff, Scott Carter, and Tye Ratten-
bury. 2004. A Toolkit for Managing User Attention in Peripheral Displays. In
Proc. UIST 04 (Santa Fe, NM, USA). ACM, New York, NY, USA, 247-256.

Nora McDonald, Sarita Schoenebeck, and Andrea Forte. 2019. Reliability and
Inter-Rater Reliability in Qualitative Research: Norms and Guidelines for CSCW
and HCI Practice. Proc. ACM Hum.-Comput. Interact. 3, CSCW, Article 72 (Nov.
2019), 23 pages. https://doi.org/10.1145/3359174

Daniel McDuff, Christophe Hurter, and Mar Gonzalez-Franco. 2017. Pulse and
Vital Sign Measurement in Mixed Reality Using a HoloLens. In Proceedings of the
23rd ACM Symposium on Virtual Reality Software and Technology (Gothenburg,
Sweden) (VRST ’17). Association for Computing Machinery, New York, NY, USA,
Article 34, 9 pages. https://doi.org/10.1145/3139131.3139134

Daniel McDuff and Ewa M. Nowara. 2021. ?Warm Bodies?: A Post-Processing
Technique for Animating Dynamic Blood Flow on Photos and Avatars. In Pro-
ceedings of the 2021 CHI Conference on Human Factors in Computing Systems
(Yokohama, Japan) (CHI ’21). Association for Computing Machinery, New York,
NY, USA, Article 579, 9 pages. https://doi.org/10.1145/3411764.3445719

P.E. McSharry, G.D. Clifford, L. Tarassenko, and L.A. Smith. 2003. A dynamical
model for generating synthetic electrocardiogram signals. IEEE Transactions on
Biomedical Engineering 50, 3 (2003), 289-294. https://doi.org/10.1109/TBME.
2003.808805

Nick Merrill and Coye Cheshire. 2016. Habits of the Heart(Rate): Social In-
terpretation of Biosignals in Two Interaction Contexts. In Proceedings of the
19th International Conference on Supporting Group Work (Sanibel Island, Florida,
USA) (GROUP ’16). Association for Computing Machinery, New York, NY, USA,
31?38. https://doi.org/10.1145/2957276.2957313

Nick Merrill and Coye Cheshire. 2017. Trust Your Heart: Assessing Cooperation
and Trust with Biosignals in Computer-Mediated Interactions. In Proceedings of
the 2017 ACM Conference on Computer Supported Cooperative Work and Social
Computing (Portland, Oregon, USA) (CSCW ’17). Association for Computing
Machinery, New York, NY, USA, 2?12. https://doi.org/10.1145/2998181.2998286
Hyeryung Christine Min and Tek-Jin Nam. 2014. Biosignal Sharing for Affective
Connectedness. In CHI ’14 Extended Abstracts on Human Factors in Computing
Systems (Toronto, Ontario, Canada) (CHI EA ’14). Association for Computing
Machinery, New York, NY, USA, 2191?2196. https://doi.org/10.1145/2559206.
2581345

Lennart Erik Nacke, Michael Kalyn, Calvin Lough, and Regan Lee Mandryk.
2011. Biofeedback Game Design: Using Direct and Indirect Physiological Control
to Enhance Game Interaction. Association for Computing Machinery, New York,
NY, USA, 103?112. https://doi.org/10.1145/1978942.1978958

Ville Nenonen, Aleksi Lindblad, Ville Hikkinen, Toni Laitinen, Mikko Jouhtio,
and Perttu Hamaldinen. 2007. Using Heart Rate to Control an Interactive Game.
Association for Computing Machinery, New York, NY, USA, 8537856. https:
//doi.org/10.1145/1240624.1240752

Helen Nissenbaum. 2011. A Contextual Approach to Privacy Online. Daedalus
140 (10 2011), 32-48. https://doi.org/10.1162/DAED_a_00113

Donald A. Norman and Stephen W. Draper. 1986. User Centered System Design;
New Perspectives on Human-Computer Interaction. L. Erlbaum Associates Inc.,
USA.

Andres Pinilla, Jaime Garcia, William Raffe, Jan-Niklas Voigt-Antons, Robert P.
Spang, and Sebastian Méller. 2021. Affective Visualization in Virtual Reality:
An Integrative Review. Frontiers in Virtual Reality 2 (2021), 105. https://doi.
org/10.3389/frvir.2021.630731

Thammathip Piumsomboon, Arindam Dey, Barrett Ens, Gun Lee, and Mark
Billinghurst. 2019. The Effects of Sharing Awareness Cues in Collaborative
Mixed Reality. Frontiers in Robotics and AI 6 (2019), 5. https://doi.org/10.3389/
frobt.2019.00005

Zachary Pousman and John Stasko. 2006. A Taxonomy of Ambient Information
Systems: Four Patterns of Design. In Proceedings of the Working Conference on
Advanced Visual Interfaces (Venezia, Italy) (AVI '06). Association for Computing
Machinery, New York, NY, USA, 67?74. https://doi.org/10.1145/1133265.1133277
Mirjana Prpa, Ekaterina R. Stepanova, Thecla Schiphorst, Bernhard E. Riecke,
and Philippe Pasquier. 2020. Inhaling and Exhaling: How Technologies Can Per-
ceptually Extend Our Breath Awareness. Association for Computing Machinery,
New York, NY, USA, 1?15. https://doi.org/10.1145/3313831.3376183

Susanne Putze, Dmitry Alexandrovsky, Felix Putze, Sebastian Hoffner, Jan David
Smeddinck, and Rainer Malaka. 2020. Breaking The Experience: Effects of
Questionnaires in VR User Studies. In Proceedings of the 2020 CHI Conference on
Human Factors in Computing Systems. Association for Computing Machinery,
New York, NY, USA, 1-15.

Madalena Ribeiro and Abel J. P. Gomes. 2019. Recoloring Algorithms for Col-
orblind People: A Survey. ACM Comput. Surv. 52, 4, Article 72 (Aug. 2019),
37 pages. https://doi.org/10.1145/3329118


https://doi.org/10.1145/2632048.2636065
https://doi.org/10.1145/2901790.2901850
https://doi.org/10.1145/2901790.2901850
https://doi.org/10.1109/T-AFFC.2010.13
https://doi.org/10.1109/T-AFFC.2010.13
https://doi.org/10.1145/3131277.3132186
https://books.google.nl/books?id=-g7hkSR_mLoC
https://books.google.nl/books?id=-g7hkSR_mLoC
https://doi.org/10.1016/j.biopsycho.2010.03.010
https://doi.org/10.1016/j.biopsycho.2010.03.010
https://doi.org/10.1080/15213269.2020.1788394
https://arxiv.org/abs/https://doi.org/10.1080/15213269.2020.1788394
https://doi.org/10.1145/3290605.3300897
https://doi.org/10.1007/s10055-020-00479-x
https://doi.org/10.1145/3134706
https://doi.org/10.1145/3130943
https://doi.org/10.1145/3314405
https://doi.org/10.1145/3314405
https://doi.org/10.1145/3411764.3445200
https://doi.org/10.1145/3290605.3300787
https://doi.org/10.3758/s13428-020-01516-y
https://doi.org/10.3758/s13428-020-01516-y
https://doi.org/10.1145/3359174
https://doi.org/10.1145/3139131.3139134
https://doi.org/10.1145/3411764.3445719
https://doi.org/10.1109/TBME.2003.808805
https://doi.org/10.1109/TBME.2003.808805
https://doi.org/10.1145/2957276.2957313
https://doi.org/10.1145/2998181.2998286
https://doi.org/10.1145/2559206.2581345
https://doi.org/10.1145/2559206.2581345
https://doi.org/10.1145/1978942.1978958
https://doi.org/10.1145/1240624.1240752
https://doi.org/10.1145/1240624.1240752
https://doi.org/10.1162/DAED_a_00113
https://doi.org/10.3389/frvir.2021.630731
https://doi.org/10.3389/frvir.2021.630731
https://doi.org/10.3389/frobt.2019.00005
https://doi.org/10.3389/frobt.2019.00005
https://doi.org/10.1145/1133265.1133277
https://doi.org/10.1145/3313831.3376183
https://doi.org/10.1145/3329118

Understanding and Designing Avatar Biosignal Visualizations for Social Virtual Reality Entertainment CHI 22, April 29-May 5, 2022, New Orleans, LA, USA

[78] Ronald Riggio and Howard Friedman. 1986. Impression Formation. The Role of
Expressive Behavior. Journal of personality and social psychology 50 (03 1986),
421-7. https://doi.org/10.1037//0022-3514.50.2.421

[79] Radiah Rivu, Yumeng Zhou, Robin Welsch, Ville Mékeld, and Florian Alt. 2021.
When Friends Become Strangers: Understanding the Influence of Avatar Gender [94

[93] Wiens Stefan, Mezzacappa Elizabeth S., and Katkin Edward S. 2000. Heart-
beat detection and the experience of emotions.  Cognition and Emo-
tion 14, 3 (2000), 417-427. https://doi.org/10.1080/026999300378905
arXiv:https://doi.org/10.1080/026999300378905

Ekaterina R. Stepanova, John Desnoyers-Stewart, Philippe Pasquier, and Bern-

on Interpersonal Distance in Virtual Reality. In Human-Computer-Interaction —
INTERACT 2021, Carmelo Ardito, Rosa Lanzilotti, Alessio Malizia, Helen Petrie,
Antonio Piccinno, Giuseppe Desolda, and Kori Inkpen (Eds.). Springer Interna-
tional Publishing, Cham, 234-250.

Thomas Roggla, Najereh Shirzadian, Zhiyuan Zheng, Alice Panza, and Pablo
Cesar. 2017. Enhancing Music Events Using Physiological Sensor Data. In
Proceedings of the 25th ACM International Conference on Multimedia (Mountain

hard E. Riecke. 2020. JeL: Breathing Together to Connect with Others and Na-
ture. Association for Computing Machinery, New York, NY, USA, 641?654.
https://doi.org/10.1145/3357236.3395532

Anselm Strauss and Juliet M. Corbin. 1998. Basics of Qualitative Research :
Techniques and Procedures for Developing Grounded Theory. SAGE Publications,
Los Angeles, CA. http://www.amazon.co.uk/exec/obidos/ASIN/0803959400/
citeulike-21

View, California, USA) (MM ’17). Association for Computing Machinery, New [96
York, NY, USA, 1239?1240. https://doi.org/10.1145/3123266.3127919

[81] Marc A. Russo, Danielle M. Santarelli and Dean O’Rourke. 2017.
The physiological effects of slow breathing in the healthy human. [97
Breathe 13, 4 (2017), 298-309. https://doi.org/10.1183/20734735.009817
arXiv:https://breathe.ersjournals.com/content/13/4/298 full pdf

Patricia Valdez and Albert Mehrabian. 1994. Effects of Color on Emotions.
Journal of Experimental Psychology: General 123, 4 (1994), 394-409. https:

//doi.org/10.1037/0096-3445.123.4.394
Eva Maria Veitmaa. 2020. Gallery of Heartbeats : soma design for increasing

bodily awareness and social sharing of the heart rate through sensory stimuli.
http://essay.utwente.nl/83625/

[82] M. Salminen, S. Jarvela, A. Ruonala, V. Harjunen, G. Jacucci, J. Hamari, and N. [98] F~_ Visser, PA_Stappers, Remko.van der ngt, and E. Sanders. 2005. Contextmap-
Ravaja. 5555. Evoking Physiological Synchrony and Empathy Using Social VR ping: experiences fr(?m practice. CoDesign 1 (2005), 119 - 149. )
with Biofeedback. IEEE Transactions on Affective Computing 0, 01 (dec 5555), [99] Froukje Sleeswijk Visser, Pieter Jan Stappers, Remko Van der Lugt, and Eliza-

beth BN Sanders. 2005. Contextmapping: experiences from practice. CoDesign
1, 2 (2005), 119-149.

Wouter Walmink, Danielle Wilde, and Florian "Floyd” Mueller. 2014. Displaying
Heart Rate Data on a Bicycle Helmet to Support Social Exertion Experiences. In
Proceedings of the 8th International Conference on Tangible, Embedded and Em-
Machinery, New York, NY, USA, 73?77. https://doi.org/10.1145/3172944.3172991 bodied Interaction (Munich, Germany) (TEI "14). Association for Computing Ma-
Elizabeth B.-N. Sanders and Pieter Jan Stappers. 2008. Co-creation and the chinery, New York, NY, USA, 97?104. https://doi.org/10.1145/2540930.2540970
new landscapes of design. CoDesign 4, 1 (2008), 5-18. https://doi.org/10.1080/ [101] T. Waltemate, D. Gall, D. Roth, M. Botsch, and M. E. Latoschik. 2018. The Impact
15710880701875068 arXiv:https://doi.org/10.1080/15710880701875068 of Avatar Personalization and Immersion on Virtual Body Ownership, Presence,

1-1. https://doi.org/10.1109/TAFFC.2019.2958657

Mikko Salminen, Simo Jarveld, Antti Ruonala, Janne Timonen, Kristiina Man-

nermaa, Niklas Ravaja, and Giulio Jacucci. 2018. Bio-Adaptive Social VR to (100
Evoke Affective Interdependence: DYNECOM. In 23rd International Conference

on Intelligent User Interfaces (Tokyo, Japan) (IUI '18). Association for Computing

(83

(84

[85] Felix Schoeller, Philippe Bertrand, Lynda Joy Gerry, Abhinandan Jain, and Emotional Response. IEEE Transactions on Visualization and Computer
Adam Haar Horowitz, and Franck Zenasni. 2019. Combining Virtual Reality and Graphics 24, 4 (April 2018), 1643-1652. https://doi.org/10.1109/TVCG.2018.
Biofeedback to Foster Empathic Abilities in Humans. Frontiers in Psychology 9 2794629
(2019), 2741. https://doi.org/10.3389/fpsyg.2018.02741 [102] Joseph Walther. 2011. Theories of computer-mediated communication and

[86] Thomas Schubert, Frank Friedmann, and Holger Regenbrecht. 2001. The expe- interpersonal relations. The Handbook of Interpersonal Communication 1, 1 (01

rience of presence: Factor analytic insights. Presence: Teleoperators & Virtual 2011), 443-479.
Environments 10, 3 (2001), 266-281. [103] C. Wascher. 2021. Heart rate as a measure of emotional arousal in evolutionary
Nathan Semertzidis, Michaela Scary, Josh Andres, Brahmi Dwivedi, Yutika Chan- biology. Philosophical Transactions of the Royal Society B 376 (2021), 1-X.

(87
drashekhar Kulwe, Fabio Zambetta, and Florian Floyd Mueller. 2020. Neo- [104] Julia Werner, Reto Wettach, and Eva Hornecker. 2008. United-Pulse: Feeling

Noumena: Augmenting Emotion Communication. Association for Computing
Machinery, New York, NY, USA, 1?13. https://doi.org/10.1145/3313831.3376599
Sinem Semsioglu, Pelin Karaturhan, Saliha Akbas, and Asim Evren Yantac. 2021.
Isles of Emotion: Emotionally Expressive Social Virtual Spaces for Reflection
and Communication. In Creativity and Cognition (Virtual Event, Italy) (C&amp;C
’21). Association for Computing Machinery, New York, NY, USA, Article 24,
10 pages. https://doi.org/10.1145/3450741.3466805

Najereh Shirzadian, Judith A. Redi, Thomas Roggla, Alice Panza, Frank Nack,
and Pablo Cesar. 2018. Immersion and Togetherness: How Live Visualization of
Audience Engagement Can Enhance Music Events. In Advances in Computer
Entertainment Technology, Adrian David Cheok, Masahiko Inami, and Teresa
Romio (Eds.). Springer International Publishing, Cham, 488-507.

Petr Slovak, Joris Janssen, and Geraldine Fitzpatrick. 2012. Understanding Heart
Rate Sharing: Towards Unpacking Physiosocial Space. Association for Computing
Machinery, New York, NY, USA, 859?868. https://doi.org/10.1145/2207676.
2208526

Jaime Snyder, Mark Matthews, Jacqueline Chien, Pamara F. Chang, Emily Sun,
Saeed Abdullah, and Geri Gay. 2015. MoodLight: Exploring Personal and Social
Implications of Ambient Display of Biosensor Data. In Proceedings of the 18th
ACM Conference on Computer Supported Cooperative Work & Social Computing
(Vancouver, BC, Canada) (CSCW ’15). Association for Computing Machinery,
New York, NY, USA, 143?153. https://doi.org/10.1145/2675133.2675191

Marc Steen. 2013. Co-Design as a Process of Joint Inquiry and Imagination.
Design Issues 29 (04 2013), 16-28. https://doi.org/10.1162/DESI_a_00207

Your Partner’s Pulse. In Proceedings of the 10th International Conference on
Human Computer Interaction with Mobile Devices and Services (Amsterdam, The
Netherlands) (MobileHCI "08). Association for Computing Machinery, New York,
NY, USA, 535?538. https://doi.org/10.1145/1409240.1409338

R. Michael Winters, Bruce N. Walker, and Grace Leslie. 2021. Can You Hear
My Heartbeat?: Hearing an Expressive Biosignal Elicits Empathy. Association
for Computing Machinery, New York, NY, USA, 1?11. https://doi.org/10.1145/
3411764.3445545

Jacob O. Wobbrock, Leah Findlater, Darren Gergle, and James J. Higgins. 2011.
The Aligned Rank Transform for Nonparametric Factorial Analyses Using Only
Anova Procedures. Association for Computing Machinery, New York, NY, USA,
1437146. https://doi.org/10.1145/1978942.1978963

Kevin Yackle, Lindsay Schwarz, Kaiwen Kam, Jordan Sorokin, John Huguenard,
Jack Feldman, Liqun Luo, and Mark Krasnow. 2017. Breathing control center
neurons that promote arousal in mice. Science 355 (03 2017), 1411-1415. https:
//doi.org/10.1126/science.aai7984

Bin Yu, Jun Hu, Mathias Funk, and Loe Feijs. 2018. DeLight: biofeedback through
ambient light for stress intervention and relaxation assistance. Personal and
Ubiquitous Computing 22, 4 (01 Aug 2018), 787-805. https://doi.org/10.1007/
s00779-018-1141-6

Bin Yu, Jun Hu, Mathias Funk, Rong-Hao Liang, Mengru Xue, and Loe Feijs. 2018.
RESonance: Lightweight, Room-Scale Audio-Visual Biofeedback for Immersive
Relaxation Training. IEEE Access 6 (2018), 38336-38347. https://doi.org/10.1109/
ACCESS.2018.2853406

R. Zajonc. 1968. Attitudinal effects of mere exposure. Journal of Personality and
Social Psychology 9 (1968), 1-27.


https://doi.org/10.1037//0022-3514.50.2.421
https://doi.org/10.1145/3123266.3127919
https://doi.org/10.1183/20734735.009817
https://arxiv.org/abs/https://breathe.ersjournals.com/content/13/4/298.full.pdf
https://doi.org/10.1109/TAFFC.2019.2958657
https://doi.org/10.1145/3172944.3172991
https://doi.org/10.1080/15710880701875068
https://doi.org/10.1080/15710880701875068
https://arxiv.org/abs/https://doi.org/10.1080/15710880701875068
https://doi.org/10.3389/fpsyg.2018.02741
https://doi.org/10.1145/3313831.3376599
https://doi.org/10.1145/3450741.3466805
https://doi.org/10.1145/2207676.2208526
https://doi.org/10.1145/2207676.2208526
https://doi.org/10.1145/2675133.2675191
https://doi.org/10.1162/DESI_a_00207
https://doi.org/10.1080/026999300378905
https://arxiv.org/abs/https://doi.org/10.1080/026999300378905
https://doi.org/10.1145/3357236.3395532
http://www.amazon.co.uk/exec/obidos/ASIN/0803959400/citeulike-21
http://www.amazon.co.uk/exec/obidos/ASIN/0803959400/citeulike-21
https://doi.org/10.1037/0096-3445.123.4.394
https://doi.org/10.1037/0096-3445.123.4.394
http://essay.utwente.nl/83625/
https://doi.org/10.1145/2540930.2540970
https://doi.org/10.1109/TVCG.2018.2794629
https://doi.org/10.1109/TVCG.2018.2794629
https://doi.org/10.1145/1409240.1409338
https://doi.org/10.1145/3411764.3445545
https://doi.org/10.1145/3411764.3445545
https://doi.org/10.1145/1978942.1978963
https://doi.org/10.1126/science.aai7984
https://doi.org/10.1126/science.aai7984
https://doi.org/10.1007/s00779-018-1141-6
https://doi.org/10.1007/s00779-018-1141-6
https://doi.org/10.1109/ACCESS.2018.2853406
https://doi.org/10.1109/ACCESS.2018.2853406

