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ABSTRACT

Previous studies have explored the perception of various types of
embodied avatars in immersive environments. However, the im-
pact of eye and face tracking with personalized avatars is yet to
be explored. In this paper, we investigate the impact of eye and
face tracking on embodiment, enfacement, and the uncanny val-
ley with four types of avatars using a VR-based mirroring task.
We conducted a study (N=12) and created self-avatars with two
rendering styles: a cartoon avatar (created in an avatar generator
using a picture of the user’s face) and a photorealistic scanned
avatar (created using a 3D scanner), each with and without eye
and face tracking and respective adaptation of the mirror image.
Our results indicate that adding eye and face tracking can be ben-
eficial for certain enfacement scales (belonged), and we confirm
that compared to a cartoon avatar, a scanned realistic avatar re-
sults in higher body ownership and increased enfacement (own
face, belonging, mirror) — regardless of eye and face tracking. We
critically discuss our experiences and outline the limitations of the
applied hardware and software with respect to the provided level of
control and the applicability for complex tasks such as displaying
emotions. We synthesize these findings into a discussion about
potential improvements for facial animation in VR and highlight
the need for a better level of control, the integration of additional
sensing and processing technologies, and an objective metric for
comparing facial animation systems.
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1 INTRODUCTION

The face is an integral part of human communication. It not only
allows us to speak but also enables us to use nonverbal cues to
express ourselves. Unfortunately, many of these cues are lost in
digitally mediated avatar-based communication. Some studies and
applications integrate simple eye and lip movements to reintroduce
these cues. For example, Wu et al. [54] concluded that interact-
ing with highly expressive avatars resulted in significantly higher
social presence and interpersonal attraction. This becomes more
important as today’s avatars in immersive environments are rarely
realistic but often stylized or cartoon-like. However, as outlined
in the review by Weidner et al. [52], a realistic rendering style is
often perceived as better than other styles regarding several vari-
ables, such as body ownership or social presence. Still, it is unclear
if this holds true for the integration of eye and face tracking, as
research has also shown that the tracking quality [5], visualization
quality [8], and a combination of both [17, 37] may influence a
variety of dependent variables such as social presence [4] and body
ownership [21]. While a lot of prior research has investigated these
variables in studies and compared a variety of avatars, studies on
the above-mentioned issue — the impact of eye and face tracking —
are sparse, with only a few studies that combined full motion, eye,
and face tracking (for an overview, see Weidner et al. [52]). Thus,
the interaction between avatar style and eye and face tracking re-
mains unexplored despite eye tracking being in many commercial
HMDs, cartoon avatars being the norm in many VR applications,
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and realistic avatars (e.g., Lugrin et al. [30]) as well as face tracking
being a research topic (e.g., Ma and Pan [32]). However, knowing
the relationship between eye and face tracking and avatar realism
could inform the design of future systems and highlight important
aspects of avatar-mediated communication.

In this work, we aim to close this gap by investigating the impact
of eye and face tracking on body ownership, enfacement, and the
uncanny valley effect with two types of personalized self-avatars.
The first type of avatar is a personalized cartoon avatar created
with Ready Player Me [53], a state-of-the-art commercial avatar
generator using a picture of the user’s face. The second type of
avatar is a personalized photorealistic 3D scanned avatar. Each type
of avatar was evaluated with and without eye and face tracking
capabilities. We assessed embodiment, the uncanny valley effect,
and the enfacement illusion.

The core contributions of this work are the results of our com-
parative user study as well as a discussion of the current limitations
of camera-based eye and face animation when displaying complex
emotions. Further, a set of research directions is presented aimed
at overcoming these issues, including physically inspired models,
data fusion, additional sensing technologies, and objective metrics
to compare facial animation systems.

2 RELATED WORK

In the following, relevant related work is briefly discussed that
investigates the perception of different types of avatars, consider-
ing respective perceptual and cognitive constructs. The section is
split into parts addressing embodiment, enfacement, eye and face
tracking, and the uncanny valley.

2.1 Embodiment

Embodiment or the body ownership illusion is the feeling of owning
an avatar [26, 48]. This important aspect of VR is often separated
into the dimensions of ownership, agency, and self-location [26]. In
general, avatars and systems that score higher on these dimensions
lead to a higher feeling of embodiment [52]. Several other factors
contribute to a high feeling of embodiment, such as personalization
[51] and appearance [30] but also high tracking fidelity [19], as well
as coherence between tracking fidelity and visual appearance [47].

Interestingly and most likely due to the limited availability of
proper hardware systems, the majority of prior studies investi-
gating embodiment (even those emphasizing the need for high
tracking fidelity) did not integrate eye and face tracking in their
setup. However, eye and face tracking arguably increases tracking
fidelity and could also improve the feeling of embodiment. We set
out to investigate this aspect.

2.2 Enfacement

As a special case of embodiment, enfacement describes the phenom-
enon that the internal self-face representation can be updated with
information from the face of another entity [40].Gonzalez-Franco
et al. [20] hypothesize that enfacement and embodiment are closely
linked, implying that achieving enfacement may not be feasible
unless the avatar is properly embodied. Interestingly, research has
also shown that animation realism is not necessarily an essential
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factor when it comes to enfacement, whereas agency [22] and syn-
chronicity [50] seem to be. Indeed, in the experiment of Ma et al.
[32], participants felt more in control over their face with a cartoon
avatar compared to a realistic avatar — however, they used generic
and not personalized avatars. Following up on this, Salagean et al.
[44] demonstrated the benefits of photorealism and personalization
on self-avatars’ self-identification in virtual reality (although with-
out face tracking). These seemingly contradicting results show that
the interdependency of enfacement and eye- and face animations
remain unexplored. We take up this gap and integrate eye and face
tracking as well as personalization in our work.

2.3 Eye and Face Tracking in VR for
Embodiment and Enfacement

Eye and face tracking allows VR developers to apply the user’s
facial features to an avatar. Recent advances in hard- and software
allowed researchers to integrate eye and face tracking into their
research with high-fidelity avatars. It has been shown that both
potentially increase embodiment. For example, Gonzalez-Franco
et al. [20] highlight facial animation’s importance for enfacement
and indicate that predefined animations are not necessarily worse
than pure lip synchronization (as they focused on the mouth, their
experiment did not feature eye tracking). Contrary to that, using
only eye tracking and no face tracking, Borland et al. [7] demon-
strated that incorporating realistic eye animations in an avatar
increases self-identification compared to having no eye animations.
In a study similar to ours, Ma and Pan [32] analyzed the effect of
visual fidelity (personalized cartoon vs. personalized realistic) on
expressive avatars with face tracking (always on). Interestingly, the
different avatars did not lead to differences in embodiment. We
expand on these studies by investigating if eye and face tracking in
combination influence embodiment.

Overall, research highlights the importance of eye and face track-
ing (individually) for embodiment and enfacement in VR. Still, the
question arises of how eye and face tracking (together) interplay
with the avatar’s degree of realism. This is important as several
authors highlight the need for congruency in avatar-mediated ap-
plications to perform best [5, 10]: For example, Mottelson et al. [35]
emphasize that incongruent stimuli lower the sense of embodiment.
This could mean that, for example, an avatar with very realistic
facial tracking but an unrealistic look (or vice versa) might lead to
worse results in embodiment and enfacement than an avatar with
low eye and face tracking capabilities and an unrealistic realistic
look. This might be related to the uncanny valley.

2.4 Uncanny Valley

The uncanny valley effect refers to a dip in affinity with increasing
humanlikeness before a steep increase [34]. While the uncanny
valley has often been shown, a clear explanation of factors is still
missing from research [12, 32]. Relevant for this study is that avatar
realism seems to be a contributing factor (as the theory states), and
a more realistic avatar can lead to a stronger negative effect of the
uncanny valley [29, 31, 32]. Further, especially the face’s upper part
seems to be a critical aspect, as outlined by Tinwell et al. [49]. Ma
and Pan [32] showed that there is an interaction between visual and
behavioral fidelity that influences the uncanny valley. Our study
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includes the uncanny valley questionnaire by Ho and MacDorman
[23] to control for this effect.

3 USER STUDY

Overall, the related work shows that both avatar realism, eye track-
ing, and face tracking individually influence body ownership and
enfacement. However, the relationship between avatar realism and
eye and face tracking remains unexplored. In this work, we build
upon prior findings and investigate the interdependency of both
factors on avatar’s rendering style in a multi-factorial experiment.

To investigate the interplay between eye and face tracking as well
as embodiment and enfacement, we present a study that evaluates
the difference between a personalized cartoon avatar and a scanned
realistic avatar with enabled and disabled eye and face tracking.
The main research question guiding this study is: “What is the
influence of eye and face tracking on embodiment and enfacement
when applied to a cartoon and a scanned realistic avatar?” with the
following detailed research hypotheses:

H1: Eye and face tracking will lead to higher scores in embodi-
ment for both avatars.

H2: Eye and face tracking will lead to higher scores in enfacement
for both avatars.

H3: The realistic avatar will lead to higher embodiment scores
than the personalized cartoon avatar.

3.1 Experimental Design

The study followed a within-subject design with avatar representa-
tion (cartoon, realistic) and eye and face tracking (enabled, disabled)
as independent variables. Each participant tested the two different
avatars once with enabled eye and face tracking and once without
it, resulting in four conditions:

Personalized cartoon avatar (Cartoon.noEFT)

Personalized cartoon avatar + eye and face tracking (Car-
toon.EFT)

Scanned realistic avatar (Scanned.noEFT)

Scanned realistic avatar + eye and face tracking (Scanned.EFT)

3.2 Apparatus

The VR project used for this study was created with Unity (2021.2.10f1,
c.f. Appendix A). The virtual environment was designed to resem-
ble the laboratory where the study was performed. We added a
virtual mirror so that the participants could look at their avatar (see
Figure 1).

For both avatars, eye and face tracking was implemented using
the SRanipal SDK (version 1.3.6.6) software with the HTC Vive Pro
Eye and the HTC Vive Facial Tracker. Motive:Body 2.1.2 was used
to track the participant’s body movements. Because the motion
tracking suit available at the time of this study did not include the
tracking of individual fingers, only the whole hand was tracked and
presented rigid in a neutral pose. We carried out full-body scans
to avoid disrupting self-recognition, Bulthoff et al. [9] showed the
benefits of using full-body avatars instead of only heads when
investigating face recognition.

272

MUM 23, December 03-06, 2023, Vienna, Austria

©

Figure 1: Comparison of the real laboratory (a) and the virtual
environment (b) with the added virtual mirror. Overview of
the whole virtual laboratory (c).

3.3 Avatars

Figure 2 shows exemplary avatars generated with Ready Player Me
and the 3D scanning procedure. In the following, both methods are
described in more detail.

3.3.1 Scanned Avatars. In order to create scanned realistic avatars
of our participants, we used the Artec Leo 3D scanner [2]. As the
scanner presented problems scanning reflective objects and fine
structures such as hair and beards, participants were asked to re-
move any wristwatches and other shiny jewelry and wore a beanie
to cover their hair to prevent scanning errors. Participants were
scanned using an A-pose and were instructed to wear tight-fitting
clothes for the session. The goal was to represent their body shape
in the scan accurately.

The resulting point cloud from the scanned data was processed
in the Artec Studio 16 [3] software for removing scan errors and
generating a coherent mesh. Next, to reduce mesh complexity, a
retopology of the mesh was performed with R3DS Wrap [43]. This
led to a reduction from 300,000 vertices to 16,000 vertices. The
retopologized version was morphed into a Genesis8 character from
DAZ Studio [41]. By that, we created a full rig for animation and
got fully modeled and separated eyes, mouth with tongue, and
teeth for animation. The resulting model was also equipped with
multiple blendshapes for facial animation. However, we had to
create additional blendshapes with the Blender plugin Faceit [15]
(version 2.0.20), resulting in a total of 43 blendshapes. The list of
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Figure 2: Two female avatars from our study. Left in both (a)
and (b) are scanned avatars. Right in both (a) and (b) are the
Ready Player Me avatars.

blendshapes tracked can be found in Appendix A. Compared to state
of the art rendering and realism like MetaHumans [18] our scanned
avatars offer realistic scale and proportions of the participant with
high resolution textures, but lack high quality skin materials as
well as detailed hair.

3.3.2  Cartoon Avatars. We used Ready Player Me[53] to create the
personalized cartoon avatar based on a portrait of the participant.
As the avatar generator did not offer enough customization to
recreate the outfits of all participants, all cartoon avatars were
created with neutral clothing (jeans and a white t-shirt). Next to
this difference, the avatars also differed in hairstyle, as the scanned
realistic avatar was always depicted with a beanie. The chosen
hairstyle was based on the portrait of the participant and adjusted
to fit their hair color as closely as possible. To enable the same
level of facial animation, we created 43 blendshapes with the Faceit
Blender plugin [15].

In the end, both the cartoon avatar and the scanned realistic
avatar have a full-body skeleton for motion tracking as well as the
same blendshapes for eye and face tracking.

3.4 Procedure

We divided the experiment into two sessions: a first session to
create participants’ avatars and a second session on another day
with the laboratory user study. The first session lasted 15 minutes.
The second session took around 75 minutes.

3.4.1 Session 1: Avatar Creation. On the first appointment, partici-
pants signed the consent form. After that, we created the avatars
(c.f. subsection 3.2). Additionally, participants’ height was measured
to scale their avatars. Participants did not see their avatars until
the second appointment.

3.4.2  Session 2: Laboratory Experiment. At the beginning of the
second session, participants read the information about the pro-
cedure and gave informed consent. Subsequently, they put on the
Optitrack suit, and calibration was performed. Next, they completed
all four avatar conditions, following a Partial Latin Square format.

When participants put on the VR HMD, they were in a virtual
replica of the laboratory (see Figure 1). Inspired by fake mirrors
previously used to investigate the perception of self-avatars [28],
we placed a virtual mirror in the VR environment. At the start of
each condition, the virtual mirror and avatar were turned off to
allow for acclimatization to the virtual environment and to con-
trol the exposure time of the stimulus. Eye tracking calibration
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Enfacement Questions

Belonged I felt like the virtual face belonged to me.
(out of) control I felt like my own face was out of my control.
Mirror I felt like I was looking at my own face reflected in a mirror.

Ownface I felt like the virtual face was my face.

Table 1: Additional Enfacement Questions.

was performed beforehand if the condition featured eye and face
tracking. Next, the mirror and avatar were turned on, and the in-
vestigator started reading movement instructions to the participant.
The movement-related instructions were: “Stand on the blue line
and look in the direction of the mirror.”, “Raise your right hand and
wave at your reflection in a relaxed manner.”, “Repeat with your left
hand.”, “Now walk on the spot and lift your legs waist high.”, “Now
turn right and walk to the red line.”, “Turn around to the left. Go back
to the blue line.”, “Stretch your arms out in front of you and turn your
palms.”, and “Stretch your right arm out to the side and move it in a
circular motion.”, “Repeat with your left arm.”.

Each of the movement instructions was followed by an instruc-
tion to look back and forth between the mirror and their own body
(“Look at the movement in the mirror... on your own body | in the
mirror | on your own body.”). This approach aimed for all partici-
pants to perform the same movements and register the coherence
between their mirrored avatar and their own body [51].

After performing the above motions, participants were told to
show the six core emotions: anger, disgust, enjoyment, fear, sadness,
and surprise [13]. While performing these emotions, they were
instructed to watch themselves in the mirror. The order of emotions
was randomized.

After each condition, the participants were asked to remove the
HMD and fill in the questionnaires (uncanny valley, embodiment,
and enfacement). After all conditions were concluded, participants
filled in a final demographic questionnaire. While taking off the
motion capture suit, they were given the possibility to provide
verbal feedback.

3.5 Measures

For each avatar representation, we collected subjective impressions
through questionnaires. To evaluate embodiment, we used the ques-
tionnaire from Peck and Gonzalez-Franco [39]. The questionnaire
uses a 7-point Likert scale for all questions. Participants answered
this questionnaire for each of the four avatar conditions.

Related to embodiment but focused on the face, we asked four
additional enfacement questions (see Table 1) from Estudillo and
Bindemann [14].

The questionnaire uses a 7-point Likert scale from strongly dis-
agree (-3) to strongly agree (3). These questions were also answered
after each avatar condition.

Again, after each condition, participants were asked to answer 18
questions from Ho and MacDorman’s uncanny valley questionnaire
[23]. The questionnaire focuses on four indices: perceived human-
ness, attractiveness, spine-tingling, and eeriness. Each question is
answered on a 7-point Likert scale from -3 to 3.

Finally, the participants were asked demographic questions about
their age, education, and how much VR experience they have.
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3.6 Participants

Twelve participants were recruited for this study, eight self-identifying
as male and four as female, with ages ranging from 22 to 29 years
(M=24, SD=1.83). All were university students recruited via the
public students’ mailing list. Ten had used an HMD for up to three
hours, one had used an HMD for more than three hours, and one had
no prior VR experience. Participants gave their informed consent
for participation in the study; participation was voluntary without
monetary compensation. The study was executed following the
guidelines of the local university, the national research organiza-
tion, and the declaration of Helsinki. We did not undertake any
specific measures for sample diversity.

4 RESULTS

All questionnaires were analyzed using a repeated-measures two-
factor ANOVA with avatar (scanned realistic/cartoon) and tracking
(EFT/noEFT) as within-factors. Levene’s tests were conducted to
check the homogeneity of variances. Normality was checked with
QQ-plots and Shapiro-Wilk tests. If residuals were not normally
distributed, an aligned rank transform (ART) [25] was conducted. A
priori significance level was set at p < 0.05. We report partial 5? (r]f,)
as a measure of effect size. We calculated Tukeys HSD posthoc tests
(or posthoc pairwise comparisons using ART-C for non-normally
distributed data) for posthoc comparisons. We listed all descriptive
statistics in Appendix A. Verbal feedback was collected as bullet
points and grouped by participant, but was not analyzed further.

4.1 Uncanny Valley

The uncanny valley effect can be divided into four scales: attrac-
tiveness, eerieness, humanness, and spine-tingling. Figure 3 shows
an overview of the results.

4.1.1 Attractiveness. Our results point to a significant main effect
of the avatar representation (F(1,44) = 4.414, p = 0.041, 1712, =0.09).
The cartoon avatars were considered to be more attractive in both
tracking conditions Cartoon.noEFT (M = 1.06, SD = 0.99) Cartoon.EFT
(M = 1.06, SD = 1.06) compared to the realistic avatars. We did
not find two-way interaction effects (F(1,44) = 0.377, p = 0.542, ,]12)
= 0.008) or significant main effect for the eye and face tracking
condition (F(1,44) = 0377, p = 0.542, 13, = 0.008).

Humanness Spinetingling

*
—

B g

Cartoon Scanned

Attractiveness Eerie

Score

Cartoon Scanned Cartoon Scanned Cartoon Scanned

Tracking E3 EFT B8 noEFT

Figure 3: Uncanny valley questionnaire results [-3;+3]. Signif-
icant differences were found for the avatar (cartoon/scanned
realistic) condition regarding the scales humanness F(1,44) =
6.208, p = 0.017, 13 = 0.12) and attractiveness (F(1,44) = 4.414,

p=0.041, 7 = 0.09)
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Appearance Response Ownership Multi-Sensory Overall Embodiment

2

tEXE TELPT

Cartoon Scanned

Score

Carfoon Scanned ~ Caroon Scanned ~ Caroon Scanned — Cartoon Scanned

Tracking E3 EFT B8 noEFT

Figure 4: Embodiment questionnaire results [-3;+3]. Signifi-
cant differences were found for the avatar (cartoon/scanned
realistic) condition for the embodiment scale ownership
(F(1,44) = 6.613, p = 0.014, 13 = 0.13)

4.1.2  Eeriness. No significant differences were found on the eerie
scale for either the avatar representations (F(1,44) = 3.574, p = 0.065,
r]?, = 0.075) or enabling eye and face tracking (F(1,44) = 1.496, p
= 0.227, 7712, = 0.033). There was no significant interaction effect
(F(1,44) = 0.496, p = 0.485, 03 = 0.011).

4.1.3 Humanness. Our results show a significant difference for
the avatar representation (F(1,44) = 6.208, p = 0.017, 17;, =0.12),
suggesting that the scanned avatars Scanned.EFT (M = 0.3, SD =
1.13) and Scanned.noEFT (M = 0.08, SD = 1.12) are more humanlike
than the cartoon one. We did not find two-way interaction effects
(F(1,44) = 0.005, p = 0.941, rylz, < 0.001) or a significant main effect of

tracking (F(1,44) = 0.322, p = 0.573, 1712, = 0.007) for this scale.

4.1.4 Spine-tingling. We did not detect significant differences for
the spine-tingling scale for either the avatar representations (F(1,44)
= 1.375, p = 0.247, n}, = 0.03) or eye and face tracking (F(1,44) =
3.048, p = 0.088, 771% = 0.065). There was no significant interaction
effect (F(1,44) = 0.153, p = 0.698, 15 = 0.003).

4.2 Embodiment

The embodiment questionnaire has four interrelated scales (ap-
pearance, response, ownership, multi-sensory) that form an overall
embodiment score. The results can be seen in Figure 4.

4.2.1 Ownership. Our results show a significant difference in the
ownership scale for the avatar representations (F(1,44) = 6.613, p
= 0.014, r]f, = 0.13) but not for eye and face tracking (F(1,44) =
0.206, p = 0.652, 1712, = 0.004), indicating that the participants felt
higher ownership over the scanned realistic avatar compared to the
cartoon avatar. Here, the highest feeling of ownership was reported
in the scanned avatar condition (M = 0.55, SD = 0.84) condition,
followed by the cartoon condition (M = -0.16, SD = 1.05). There was
no significant main effect for eye and face tracking or any other
interaction effect (F(1,44) = 0.092, p = 0.764, ryzz, =0.002).

4.2.2 Appearance, Response, Multi-Sensory. The appearance score
did not result in a significant difference between the avatar repre-
sentations (F(1,44) = 0.226, p = 0.637, qf, = 0.005) or eye and face
tracking conditions (F(1,44) =0, p = 1, 1712, < 0.001). The response
score was also not significant for either the avatar representations
(F(1,44) = 0.575, p = 0.452, ryf, = 0.012) or eye and face tracking
conditions (F(1,44) = 0.043, p = 0.837, 1712, < 0.001). Similarly, the
multi-sensory scale did not show significant differences for either
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Belonged (out of) Control Mirror Ownface

i 18

Score

«
«
—
T noEFT NoEFT

EFT  noEFT EFT  noEFT

Avatar E3 Cartoon B Scanned

Figure 5: Enfacement questionnaire results [-3;+3]. Eye and
face tracking had a significant main effect on the belonged
scale (F(1,44) = 5.063, p = 0.029, ,]12) = 0.08). Significant dif-
ferences were also found for the avatar (cartoon/scanned)
condition for the enfacement scales ownface (F(1,44) = 4.52,
p = 0.039, r;f, = 0.09), belonged (F(1,44) = 5.751, p = 0.021, ;712, =
0.1) and mirror (F(1,44) = 7,539, p = 0.009, 1112, = 0.15).

the avatar representations (F(1,44) = 0.624, p = 0.434, 17}2, =0.014)

or eye and face tracking conditions (F(1,44) = 0.134, p = 0.716, 1712,
= 0.003). Results did not indicate any interaction effects (F(1,44) It
0.119, p gt 0.732).

4.2.3 Overall Embodiment Score. We did not find significant differ-
ences for the avatar representations (F(1,44) = 1.61, p = 0.211, r]f, =
0.04) or eye and face tracking conditions (F(1,44) = 0.089, p = 0.767,
1712, < 0.001). There was no interaction effect (F(1,44) = 0.025, p =

0.874, %, < 0.001).

4.3 Enfacement

The Enfacement questionnaire consists of four scales: belonged, (out
of) control, mirror, and ownface (see Figure 5).

4.3.1 Belonged. Data did not follow a normal distribution. Thus,
we performed an ART procedure. Results indicate an interaction
(F(1,44) = 3.381, p= 0.047, r]f, =0.058) between avatar representation
and eye and face tracking. Posthoc pairwise comparisons using
ART-C showed that the ratings for the Cartoon.noEFT(M = -1.67, SD
= 1.15) are significantly lower compared to the Scanned EFT (M =
0.33, SD = 1.97). Results also point towards two main effects on the
belonged-scale. Eye and face tracking had a significant effect (F(1,44)
=5.547, p = 0.025, ryf, = 0.083), were avatars with enabled tracking
achieved higher scores (M = 0.21, SD = 1.88) compared to those
without (M =-0.75, SD = 1.4). Results also point to a significant main
effect of the avatar representations (F(1,44) = 6.507, p = 0.096, nf, =
0.1), where the realistic avatar representations were rated higher
(M =0.25, SD = 1.81) than the cartoon avatars (M = -0.79, SD = 1.88).
It is important to consider that the interaction effect might explain
both main effects.

4.3.2  (Out of) control. Regarding the feeling of control of the
avatar’s face, we did not find any main for either the avatar (F(1,44)
= 1.148, p = 0.29, ), = 0.025) or tracking (F(1,44) = 1.452, p = 0.235,
1712, = 0.032) condition. There was also no interaction effect (F(1,44)
= 0.287, p = 0.595, 13 = 0.006).

4.3.3  Mirror. Our results revealed a main effect of the avatar rep-
resentation (F(1,44) = 7,539, p = 0.009, 7712, = 0.15), suggesting that
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the participants’ face was felt more as reflected in a mirror with
their realistic avatar (M = -0.17, SD = 1.83) compared to the cartoon
one (M = -1.55, SD = 1.61). We did not find a two-way interaction
effect (F(1,44) = 1.558, p = 0.219, r]f, = 0.034) or a main effect of face

tracking (F(1,44) = 0.062, p = 0.804, % = 0.001).

4.3.4 Own face. The inspection of skewness and kurtosis within
the QQ plots revealed a tailed distribution. Hence, the normality
assumption was refuted, and an ART procedure was conducted. We
did not find a two-way interaction effect (F(1,44) = 0.368, p = 0.548,
11173 = 0.008) or a significant main effect for eye and face tracking

(F(1,44) = 0.02, p < 0.889, 1712) < 0.001). However, results show a
significant main effect of avatar representation on the perception of
their own face (F(1,44) = 6.008, p = 0.02, 7112, =0.09). Here, participants
reported that their virtual face felt like their own the most with
the scanned avatar (M = -0.13, SD = 1.74) compared to the cartoon
avatar (M = -1.17, SD = 1.74).

5 DISCUSSION

In this section we discuss our result within the context of our
hypothesis. We also contextualize our results by discussing open
challenges when it comes to eye and face tracking in VR.

5.1 H1: Eye and face tracking and embodiment

We hypothesized that eye and face tracking would lead to higher
scores of embodiment for both avatar representations. The sta-
tistical analysis of our results does not support this hypothesis.
To better understand these results, we took a closer look at the
participants’ feedback and found out about technical limitations.
Some participants reported that they had fun using eye and face
tracking, but they also criticized it. For example, P6 mentioned that
"the tracking is not perfectly accurate". In future work, eye and face
tracking sensitivity toward facial movements should be carefully
considered. If no true 1-to-1 mapping is possible, a potential solu-
tion is to exaggerate smaller movements so that the emotions in
VR are more accurately displayed by modifying tracking data or
increasing the weights of blendshapes.

5.2 H2: Eye and face tracking and enfacement

We hypothesized that eye and face tracking would lead to higher
scores of enfacement for both avatar representations. Our results
only partially support this hypothesis.

Of the four scales measuring enfacement, only the feeling of
the face belonging to the participant was significantly higher with
eye and face tracking for both avatar representations compared to
the absence of it. However, this main effect may be explained by
looking at the interaction effect: our results show that a scanned
avatar with eye and face tracking evokes higher enfacement than
a cartoon avatar without eye and face tracking. Participants had
a significantly stronger feeling that the face of the former type
belonged to them compared to the face of the latter type. This
indicates that a scanned avatar without eye and face tracking can
provide a better enfacement illusion than a cartoon avatar without
eye and face tracking. In addition to that, the main effect between no
tracking and tracking also points towards the superiority of eye and
face tracking over conditions that do not feature this functionality.



Eye and Face Tracking in VR

It is important to remember that, similar to embodiment, the
overall perception of the system was neutral or neutral to nega-
tive. Again, participants’ comments hint towards a major limitation
of the applied eye and especially face tracking technology: par-
ticipants highlighted difficulties in expressing emotions, P5, "it is
sometimes difficult to express certain emotions", P4, "it is difficult to
smile correctly”, or P3, "you have to exaggerate your emotions a lot to
see the emotion in the virtual avatar". Given that the task was to re-
produce emotions, the face is a key element in displaying emotions,
and the process of displaying and detecting them is nuanced [6, 11],
we believe that current technology, which is only based on sensors
and predefined standard blendshapes, is not yet mature enough for
this fine-grained task. Rather, it needs refinement to improve the
feeling of having control over the virtual face, to create and support
the mirror illusion, and the feeling of looking at the own face.

5.3 H3: Rendering style and embodiment

We hypothesized that the scanned realistic avatar would lead to
higher embodiment scores than the cartoon avatar, regardless of
eye and face tracking. Our results only partially support this hy-
pothesis. When analyzing each embodiment category individually,
the scanned avatar led to a higher ownership score than the cartoon
avatar.

In addition to that, we found significant differences for the be-
longed, mirror, and own face scale of the enfacement question-
naire. Namely, compared to the cartoon avatar, participants felt
that the scanned realistic avatar’s face belonged more to them, had
a stronger feeling that it was their face, and that it was like looking
at their own face in the mirror. This aligns with previous results
about the personalization of avatars (the more personalized, the
more embodiment; [16, 51]). For future work, Fiedler et al. [16]
provided specific scales for self-similarity and self-attribution in
terms of self-identification, which could help elucidate embodiment
nuances, especially when using personalized avatars.

5.4 Rendering style, eye and face tracking, and
the uncanny valley

Regarding the uncanny valley, eye and face tracking did not lead to
significant differences in our study. However, for rendering style,
our results pinpoint significant differences favoring the scanned re-
alistic avatar regarding humanness, i.e., it was perceived as more hu-
manlike than the personalized cartoon avatar. We attribute this dif-
ference to the characteristics of the scanned realistic avatar, which
appears with more human-like textures and less exaggerated and
smoothed features. Regarding attractiveness, the cartoon avatar
was rated significantly more attractive than the scanned avatar, but
we cannot say if this was caused by the cartoon look or the visible
hairstyle instead of a beanie. These results regarding attractiveness
align with those of Ma and Pan [32], McDonnell et al. [33], who
also report that their cartoon avatars and agents were often rated
as more appealing and pleasant compared to realistic agents. It is
possible that the style of many cartoon avatars (size of eyes, nose,
mouth, facial width-to-height ratio, slim body shape, which are mea-
sures of attractiveness [38, 42, 46]), will often lead to the cartoon
version outperforming scanned realistic self-avatars with respect to
attractiveness. Regarding eerienes or spine-tingling, our results did
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not point to significant differences. This means that participants
did not perceive our avatars as particularly eerie and spine-tingling,
with average values being close to or below the neutral value of 0.
Thus, we believe that our avatars were not perceived as particularly
uncanny.

5.5 Open Challenges: Eye and face tracking for
VR

At the beginning of our research, we hypothesized that combining
eye tracking, face tracking, and scanned realistic avatars would
significantly outperform cartoon avatars without any eye and fa-
cial animations with regard to a variety of different perceptual
constructs. Interestingly, our results were less conclusive than we
expected. This poses the question of what research and industry
need to pay attention to when integrating these technologies. Sev-
eral aspects are essential for future researchers to consider and
work on: First, the level of control provided by the commercial
camera-based face and eye tracking systems employed by us does
not seem to be accurate enough to deliver convincing animation fi-
delity. Accordingly, many participants mentioned that the provided
level of control was not realistic, accurate, or responsive enough to
provide a good user experience. This is especially important as we
asked them to act out certain emotions that require a high level of
control over facial muscles to convey the individual nuances. To
overcome this issue, research should investigate approaches that
operate on a physiological level [45]. Another approach is to inves-
tigate various exaggeration strategies to compensate for the lack of
the device’s responsiveness (e.g., Oh et al. [36]). In addition to that,
while the HTC Facial Tracker is based on purely visual information,
integrating other sensing approaches and technologies such as elec-
tromyography, electrooculography [27], and neural networks for
signal fusion and generation [24] could further enhance the overall
fidelity of eye and face tracking in avatar-mediated communication.
Future head-mounted displays could and should integrate these
technologies to provide a high level of control. Here, we also high-
light that we only utilized eye direction vectors and eye openness
values and did not employ other measures, such as pupil dilation,
to enhance facial expressions.

Finally, research should strive to (objectively) quantify the qual-
ity of eye and face tracking so that a comparison across studies
is possible (this includes, but is not limited to, sharing research
prototypes as open-source). Arguably, the eye and face tracking
employed by us (based on our pipeline, fixed blendshapes, and the
soft- and hardware provided by HTC) did not perform sufficiently
well. However, it is currently not easily possible to objectively com-
pare the performance of various components of or even integral
facial animation systems regarding avatar-mediated communica-
tion. Having the means to do so would potentially help to describe
the contributing factors for a positive (or negative) experience with
eye and face tracking.

6 LIMITATIONS

One of the limitations of our study is the number of participants
(N = 12), which allows us to detect only minor effects. The small
sample size is mainly due to the high effort necessary for avatar
creation. While others have already proposed fast avatar-creation
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pipelines [1] that use multi-camera rigs, we opted for a 3D scanning
solution to allow for the portability of the pipeline.

Another limiting factor is the appearance of the avatars. The
scanner used to create the personalized realistic avatar had prob-
lems scanning hair. Therefore, each participant wore a beanie dur-
ing the scan, which was reflected in the resulting scanned realistic
avatar, while their cartoon avatar wore no beanie as no appealing
version was available during the creation process of the cartoon
avatar. Future work should consider minimizing avatar differences
as much as possible. For the cartoon vs. realistic avatar, some par-
ticipants may have had Ready Player Me avatars closely resembling
their actual appearance, while others did not. Additionally, the car-
toon generator used only allows customization of the participants’
faces and hairstyles. That is why all cartoon avatars have the same
body shape and clothes. A follow-up study should quantify any
potential effects of matching/mismatching clothes, for example,
on embodiment and ownership. Next to this, we only used 43 of
the 52 blendshapes supported by the SRanipal face tracking SDK,
because the Faceit plugin used to create these blendshapes was
not able to properly create these. The left-out blendshapes can be
seen in Appendix A and are mostly blendshapes controlling the
tongue, which was irrelevant to our tasks. Related to that, the teeth
and tongue of the scanned avatar were not customized but rather
simply adopted from the standard Genesis8 character from DAZ
Studio. One participant noticed this and remarked that "the inside
of his mouth was brighter than his face" (P11). Future work should,
therefore, consider these details.

7 CONCLUSION

We present a study where we examined the effect of eye and face
tracking on the embodiment and enfacement with two types of
personalized self-avatars. In the study, participants performed pre-
defined movements and facial and bodily gestures associated with
predefined emotions in front of a mirror. Overall, having a realistic
avatar compared to a cartoon avatar was often beneficial (as in
prior work). However, adding eye and face tracking to the avatars
did not affect embodiment or enfacement in a relevant way. Thus,
the core finding of our study is that the commercial camera-based
eye and face tracking technology employed by us, in combination
with predefined blendshapes, is not accurate enough for complex
emotions and facial movements. Based on that, we also outline rel-
evant research directions, including additional sensor data, better
data fusion, physically inspired animation models, and objective
metrics for comparing facial animation technologies.

While adding eye and face tracking did not have the hypothesized
effect, participants’ feedback and our data suggest that exploring
the interplay between control fidelity and rendering style is vital.
That is because, until AR and VR technology matures to offer all
users realistic avatars with precise eye and face tracking, users will
have to navigate a mix of rendering styles and tracking versions.
Thus, identifying the optimal combinations is crucial for promoting
wider AR and VR adoption.

As our results were obtained in a scenario where participants
were observing themselves, a follow-up study in a social scenario
with another person is crucial to investigate further any relation-
ship between eye and face tracking and rendering style. Next to
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that, the required future work in the area of self-avatars in VR is
manifold. We believe that open-source pipelines for avatar gen-
eration are relevant to allow for comparability, adaptation, and
reproduction. Further, developing and integrating better eye and
face tracking technologies that provide a better level of control
is crucial. Finally, quantifying various eye and face tracking tech-
nologies would further help researchers to investigate individual
differences and effects.
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