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Figure 1: Left: The 7 candidate FAUs selected from 53 available FAUs in Study 1 based on their evaluated usability, and their
bindings for controlling the VR Game and AR Web Browser in Study 2. Right: Screenshots of the two XR applications evaluated
in Study 2, where facial input detected on a Meta Quest Pro headset was used exclusively for interaction.

Abstract

Extended Reality (XR) interactions often rely on spatial hand or
controller inputs - necessitating dexterous wrist, hand and finger
movements including pressing virtual buttons, pinching to select,
and performing hand gestures. However, there are scenarios where
such dependencies may render XR devices and apps inaccessible
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to users - from situational/temporary impairments such as encum-
brance, to physical motor impairments. In this paper, we contribute
to a growing literature considering facial input as an alternative.
In a user study (N=20) we systematically evaluate the usability of
53 Facial Action Units in VR, deriving a set of optimal (comfort,
effort, performance) FAUs for interaction. We then use these facial
inputs to drive and evaluate (N=10) two demonstrator apps: VR
locomotion, and AR web browsing, showcasing how close facial
interaction can get to existing baselines, and demonstrating that
FAUs offer a viable, generalizable input modality for XR devices.
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1 Introduction

Virtual Reality (VR) is an inherently active medium, where user
head, arm and body movements form the basis of spatial interaction
[94], locomotion [23], sense of presence/immersion [80], and em-
bodiment [45] that the technology excels at. Full use of the spatially-
tracked controllers (or hand-tracking), that are ubiquitous across
headsets, requires not only arm movements for spatial translation
and hand/wrist movements for rotation, but also multiple fingers
for interaction, including pressing various buttons or performing
hand gestures. However, there are a number of scenarios where VR
or Extended Reality (XR) technologies may be partially inaccessible.
For example, people with situational/temporary impairments [76],
physical motor impairments or neuromuscular diseases [50, 57, 87]
may face difficulties using controller/hand-based inputs. Others,
who may have their hands occupied/encumbered [60], may nonethe-
less benefit from additional inputs beyond controller/hand input
alone. Alternative input modalities/control methods are typically
suggested to address impairments, such as voice input [35], gaze
input [69], body-based inputs [54] and more. But speech suffers
in particular from social acceptability concerns [62], whilst eye-
tracking offers a limited range of inputs and is often combined
with other modalities such as pinch for selection [67]. And whilst
there have been in advances in BCIs to facilitate user interaction
[89], such sensing is inherently noisy, invasive (e.g. wearing EEG
caps with wet electrodes, or using implantable devices such as
Neuralink!) and needs to be trained carefully to users. Users could
benefit from supplementary interaction modalities that offer a wider
range of reliable, directly controlled, generalized inputs that could
be used in conjunction with, or in lieu of, voice, gaze, BCI and other
inputs.

This absence of available interactions to accommodate for dis-
abilities and impairments has led some authors to propose that VR
is in fact an ableist technology that “fails to accommodate the needs
of users with a disability” [24], one that has not necessarily been
designed to support those with a range of physical abilities. De-
spite advancements in VR accessibility, such as tools like SeeingVR,
which enhance applications for people with low vision through
visual and audio augmentations [97], and adaptive VR interfaces
designed for wheelchair users [31], using VR headsets still requires
significant physical effort. This includes upper body strength for

!https://neuralink.com/, last accessed August 2024
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device support and stability during movement [18], as well as in-
teraction with motion controllers that exclude users with motor
impairments who cannot operate these devices effectively.

While existing VR and MR systems are not intentionally de-
signed to exclude disabled people, the examples suggest that many
VR/MR applications inherently rely on physical movement, inadver-
tently creating accessibility barriers. These interaction challenges
are particularly problematic given the notable benefits that VR can
have for disabled people. For example, for lifelong wheelchair users,
VR can provide the experience of walking[83]. Gerling and Spiel
explored the inherent assumptions of VR technology in relation to
disability studies, showing that VR “assumes a ‘corporeal standard’
(i.e., an ‘ideal’, non-disabled human body), and fails to adequately
accommodate disabled people”, relying on “bodily involvement” to
be usable, thus excluding those with a minority body [32]. One
promising approach to provide potential solutions to some of the
existing challenges is to provide an alternative input method is
using facial input. In a single-user case study, Taheri et al. [84, 85]
proposed exploiting Facial Action Units (FAUs) [25] (visually dis-
cernible facial movements) to create a hands-free, facial input-based
video game controller for people with quadriplegia. They found that
facial input allowed for enjoyable and engaging control of a variety
of video game experiences. However, this work examined only a
limited, hand-curated set of FAUs for input, bespoke to the single
participant both in which FAUs were picked, and what appropriate
thresholds were set.

In this paper, we build upon the pioneering work of Taheri et al.
[87] to explore the potential for establishing a facial input vocabu-
lary for universal use. We do so against a landscape where current
generation consumer off-the-shelf (COTS) VR headsets have begun
to integrate sensing technologies that enable the detection of FAUS,
e.g., through lower face cameras [93], eye tracking [36], Electroocu-
lography (EOG) [73] and more. FAUs promise not just to provide an
alternate means of control for locomotion and interaction in games,
but also to act as another input modality for a range of XR/spatial
interactions, able to be robustly detected on a standardised mobile
COTS platform and enacted hands-free.

However, to unlock such potential, we need to understand which
FAUs are usable for interaction - those that are comfortable, low
effort, reliably recognisable, high performance, that could conse-
quently define our facial input vocabulary. Therefore, we conducted
a study (N=20) to measure how comfortable, effortful and perfor-
mant 53 Facial Action Units were to enact, using the face-tracking
in-built to the Meta Quest Pro VR headset?. Our results identified a
set of seven candidate FAUs for interaction (JawDrop, CheekPuffL/R,
LidTightenerL/R, MouthL/R) that were perceived as highly usable
(low fatigue, low effort, high performance) and could be reliably
classified in a trained model relative to the user’s face resting state
(F1 score 0.95, accuracy 97%). We then integrated this model into
two proof-of-concept VR Unity applications: the first a VR game
that leveraged FAUs to exclusively drive player locomotion and
controls (forward, backward, turn left, turn right, select, fire); the
second an AR web browser that leveraged FAUs to select, scroll,
and move back through browsing history. Through our evaluation
(N=10) of these applications, our work demonstrates the viability

Zhttps://www.meta.com/gb/quest/quest-pro/, last accessed August 2024
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of facial input as an alternate input modality for consumer XR
platforms.

Based on our findings, we reflect on the applications for our
identified FAU input vocabulary for VR and XR interaction given
the increasing integration of FAU and lower face tracking in COTS
hardware. We consider both the accessibility benefits in supporting
face-based VR locomotion, as well how such facial inputs might
be used alone, or in conjunction with gaze and speech input, to
drive a myriad of XR applications. And we reflect on the necessary
future work, strongly motivated by our findings, towards a fully
realised and in-built accessible interaction modality as standard
in VR/XR headsets where facial sensing is available. This would
represent a step towards transitioning XR from being ableist to
being genuinely accessible to minority bodies that may be unable
to physically interact with their hands or controllers, and potentially
benefit everyday interactions with spatial computing technology
for all users.

1.1 Contribution Statement
This paper makes the following contributions:

e A novel usability evaluation of 53 FAUs sensed on a consumer
off-the-shelf VR headset (Quest Pro), resulting in an open
dataset (N=20) of objective and subjective FAU performance
during a "enact and hold" FAU task;

o A candidate set of 7 FAUs for interaction that exhibit high
performance and responsiveness, whilst being perceived as
low effort, comfortable and performant;

o A trained model for classifying the binary activation of these
FAUs with a 97% classification accuracys;

e Findings from a usability evaluation (N=10) of two VR
demonstrator applications where the classifier is used for AR
spatial interaction using a web browser, and VR locomotion
and interaction in a game - two application areas which com-
bined demonstrate the range of inputs necessary to support
facial input as an alternate input modality on consumer XR
devices.

2 Related Work

We first discuss situational, temporary and permanent impairments
within the context of technology. We then review the accessibility
of XR headsets and experiences, especially input modalities for
VR interaction. Finally, we review literature on facial input for
interaction and the Facial Action Coding System (FACS).

2.1 Situational, Temporary and Permanent
Impairments

Many people have physical impairments in the mobility, strength
or availability of their hands or arms, which may make it difficult
to engage in the range of spatial inputs and button presses that VR
applications expect [50, 57, 87]. In the UK alone, 24% of the popu-
lation reported some form of disability, with 25% of impairments
reported by disabled people® being related to dexterity, and 47% to

3We use identity-first language to refer to disabled people [79] and also take into
account SIGACCESS guidelines (https://www.sigaccess.org/welcome-to-sigaccess/
resources/accessible-writing-guide/) throughout the paper. Links last accessed August
2024.
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mobility [29]. Motor impairments result in “the partial or total loss
of function of a body part, usually a limb or limbs. This may result
in muscle weakness, poor stamina, lack of muscle control, or total
paralysis”. And traumatic injuries such as spinal cord damage can
similarly lead to Quadriplegia - loss of motor and/or sensory func-
tion from the neck down. In such cases, the notable benefits of VR -
from supporting pain relief [52, 74], well-being and mental health
[30, 91, 92], to giving users the freedom to immersively explore
virtual worlds and experience free-form walking [83] - are to an
extent denied to disabled users of VR headsets, who lack accessible
inputs/interactions to give them agency and direct control over
their experiences.

However, beyond motor impairments, there are many scenarios
in which a user could be unable to use their hands to operate an
XR headset for reasons of temporary or situational impairments.
For example, Crossan et al. [21] developed a device which utilises
foot tapping to deal with situational impairments relating to the
usage of a mobile phone. Others, such as Sarsenbayeva et al. [75]
performed research into the situational impairment concerning
mobile devices. Their research highlighted seven components which
cause situational impairment. Of these impairments, the one that is
addressed by facial input is encumbrance. Of the solutions which
they propose to address these issues, FatThumb [16] and GraspZoom
[55], both approaches seek to still utilise the core principle of hands
interacting with the mobile device even if the encumbrance could
not accommodate that. If we had a generalised understanding of
the usability of facial input, this could also open the door to novel
VR interactions addressing encumbrance.

2.2 Accessibility of XR Headsets, Experiences
and Interactions

Peck et al. [65] argued that VR technology is biased and “excludes
approximately 95% of the world’s population by being primarily de-
signed for male, western, educated, industrial, rich, and democratic
populations”. In fact, VR and XR generally has been repeatedly
noted to be an ableist [8, 32] and sexist [77, 82] and ageist [13] tech-
nology. This is due to the reliance on highly dexterous body/hand
movements to drive inputs (e.g. roomscale locomotion, handheld
controllers, precise targeting etc.), and the assumptions made about
the body morphology (e.g. height, head size, interpupillary dis-
tance) and abilities (dexterity, strength, mobility etc.) of the users.
However, XR technologies also contain the requisite sensing to be
able to uniquely address their existing accessibility limitations by
design [59]. For example, All Access Life [11] demonstrated how
a user with cerebral palsy could play VR games without the use
of controllers, using computer vision to track the user’s arms to
interact with the VR playspace. However, the need to support acces-
sibility is often seemingly a secondary consideration commercially.
Consequently, accessibility is increasingly becoming a legal require-
ment worldwide. As part of the Equality Act 2010 in the UK for
instance, reasonable adjustments must be made to accommodate
people who are disabled [64]. This means that businesses which
utilise XR devices as a tool must make sure that an individual, who
otherwise would not be able to use them, has features in place
which allow them to interact with these devices. Similar legislation

*https://www.neuromodulation.com/motor-impairment, last accessed August 2024
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is in place in the USA (Americans with Disabilities Act) [1] and the
EU (Employment Equality Directive) [9].

In addition to legislation and promising positive trends in mak-
ing XR headsets and experiences more accessible, a growing body
of literature is emerging that explores the introduction of alterna-
tive interactions in XR, some of which accommodate different user
needs and preferences. For example, speech input is commonly
put forward as an additional input method for XR, with the Apple
Vision Pro [3] being one example that supports speech input to
drive Ul interactions. However, speech input has notable issues, in
terms of universal recognition (coverage of accents and languages),
social acceptability and discretion (being highly audible, noticeable
and betraying the privacy of the user), and disruption. For example,
consider the user of VR whilst occupying a bed [90], such as when
in hospital or under hospice care. It is rare for these conditions to be
completely private, and so it may be considered socially unaccept-
able to be talking constantly at a level where you can be understood
by the microphone and heard by others nearby.

Other options for accessibility control in XR have some signifi-
cant drawbacks. Eye tracking alone does not offer as much potential
range of control as facial input. Eyes can be difficult to precisely
control depending on what the user sees. It is very easy for users
to look away from what they are meant to, as shown by Zhang
et al. [96], with the mode of input effectively interfering with the
perception of the visual output of the display. Other alternatives
have limited range of inputs available. Sip-and-puff is a method by
which users can blow or suck a tube to produce an input [6]. While
this was originally designed for wheelchairs, it has been adapted by
Jones et al. to work with the Apple iPod [41]. The interaction offered
however only supports pause, play and fast-forward, highlighting
the limitations of this device. A device which does not have these
limitations but suffers from others is the variety of Accessibility
Controllers offered by console manufacturers [4, 5]. However, they
are designed for a user who has some manoeuvrability within their
arms.

Also underpinning comparisons between available input modali-
ties is the strongly motivated need to explore and support multiple
alternate inputs to ensure a broad range of accessibility options
to cater for all people. For example, Jimenez-Mixco et al. [39] sug-
gested systems should ensure that “every interaction is possible with
at least two modalities” [39]. Research has looked at a number of
ways by which input could be provided absent the need for hands
and body-based interactions, for example using gaze/head-directed
input for steering in VR [99]; using gaze interaction exclusively for
input as a proxy for hand-based interactions [56]; or coupling gaze
input with BClIs to enact discrete input events such as selections
[71]. Common here is the challenge that it is not enough to target
with gaze alone - there is a need to support a range of input actions,
often associated with targeting, to support interaction with Uls,
character locomotion etc.

2.3 The Facial Action Coding System and
Voluntary Control of Facial Action Units

The Facial Action Coding System (FACS) [25] was designed as a
method to describe all visually discernible facial movements. Us-
ing what is known as Facial Action Units or simply Action Units

Wilson et al.

(FAUs/AUs), a comprehensive description of the expression on
the face can be mapped and analyzed. It has been used as a basis
for representing the face across the technological landscape, from
animation studios like Disney Pixar and Dreamworks to Apple
implementing it in ARkit. A FAU can be described biologically as a
tensing or relaxing of one or several facial muscles [20].

Gosselin et al. examined voluntary control of individual FAUs
[33], looking at adults ability to ‘activate’ FAUs and the consequen-
tial AUs which were also ‘activated’. At the time, they did not have
access to automated FAU classification approaches, so instead a
simple recording set-up was used with a VHS recorder, and as
such the term ’activated’ does not have an explicit qualifier. It was
left to the agreement of 3 ‘facial coders’ meaning the results are
somewhat subjective albeit with a consensus reached. The results
of the experiments show how other FAUs were activated when a
participant was told to perform the 20 chosen action units, and how
this varied greatly depending on the chosen AU. Some examples
which also feature on the Meta Movement SDK are LipCornerPuller,
NoseWrinkler, and LidTightener. Ekman, creator of FACS, along with
his peers, also ran a study into the voluntary control of facial action
units in children [26]. Gosselin et al.’s paper states that because
of what is discussed in Provins’ work [70] there is a significant
difference in the ability to control facial actions correlating with
age; being younger means more difficulty. While this may be true,
Provin’s paper does not feature any study of facial control, instead
focusing on larger body parts such as the arms and their grasping
ability.

2.4 Facial Input for Interaction

There have been a number of attempts at using facial input [12, 63]
to drive actions for video games and general Ul interactions. Taheri
et al. [84-86] designed a system for people who are quadriplegic
to utilise facial expressions as a virtual controller for games. In
a form of single user case study, they worked with their partici-
pant to select a set of FAUs and macro expressions - combinations
of AUs indicating a commonly understood expression: Happiness
(CheekRaiser, LipCornerPuller); Sadness (InnerBrowRaiser, BrowLow-
erer), Disgust (NoseWrinkler, UpperLipRaiser), Wide Eyes (Outer-
BrowRaiser, UpperLidRaiser), Lid & Lid Tightener (LidTightener,
LipTightener), JawDrop (BrowLowerer, LipsPart). These were trig-
gered by user-defined thresholds, in combination with alternate
speech-to-text options for each input to drive gameplay control.
They noted that “the AU combinations used in each game are ex-
perimentally determined by Atieh [the user] since it was not possible
for them to make every facial expression that an able-bodied person
might easily make”. They found the control scheme had high learn-
ability, was enjoyable and engaging, and ultimately provided their
participant a form of input that gave them more agency and capabil-
ity to control video games, validating that FAUs offer a promising
interaction modality for people with motor impairments. However,
Taheri’s work had limitations - the rationale behind FAU/expression
choices was largely based on the individual preference of a single
user, impacting generalisability, whilst there was no baseline to
compare control performance to - meaning that whilst the control
scheme had significant value for the user, it is difficult to more
objectively reflect on the extent to which it achieved parity with
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existing controls/inputs (in terms of usability and performance in
particular). In follow-on work, Taheri focused on a combination
of voice input and head tilt for facilitating the same participant to
control basic locomotion in VR [83], in-part it would seem as facial
tracking was not yet available on VR headsets - a technical barrier
that is now overcome.

Dey et al. [22] examined the use of facial input to drive loco-
motion in VR across differently affective VR environments. In all
environments smile and frown were used to start and stop on-rails
movement, with clench for actions. They compared facial expres-
sions vs controllers between subjects, finding significant differences
in terms of usability in favour of controller input and varyingly
higher presence for controller in select environments, concluding
that facial input "is indeed a viable options to navigate and perform
actions in virtual environments".

A range of papers have also used specific expressions or facial
regions as a form of input, often intended to address assistive tech-
nology gaps, most commonly breathing/blowing/mouth gestures
e.g. BreathVR [81], VR Blowing [78], BlowClick [98], LipIO [40],
GazePuffer [48]; but also focussing on around-eye inputs [46]; and
leveraging innate knowledge of emotional expressions to trigger
actions e.g. Evoker [37], and more [14, 38]. GazePuffer [48] in par-
ticular emphasized the utility of facial inputs to VR and spatial UI
inputs generally. Using a Pico 4 headset with facial tracking, they
proposed a basic gesture set using FAUSs, focussing on combinations
of {left puff, right puff, up puff, down puff, omni puff, and suck}
and directional mouth movements {left, right, up, down}, assessing
their gestures (N=12) for fatigue, effort and psychological resistance
(social acceptability), as well as recording the time taken (captured
via video recording) to enact and complete a given gesture. Based
on this, they rejected Suck gestures in particular, then assessed the
ease of performing gestures via an online questionnaire (N=74).
Finally, they used a combination of CheekPuff and gaze input to
drive target selection in a Fitts-style targeting task (N=12) as well
as general controls for reading, viewing images, and receiving a
phone call. However, GazePuffer did not systematically benchmark
the usability of the available FAUs sensed on an XR device, they fo-
cused solely on puff motions. And the choice of candidate gestures
was not informed by the quantified performance of those gestures
as captured by the target XR device - meaning for example that
whilst a gesture may appear responsive based on video footage, the
capability of the XR headset and associated facial tracking SDKs to
reliably detect said gesture was not taken into account. Moreover,
their classification approach introduced up to 260ms of latency to
the input. Similarly, FaceCommands [51] used Mechanical Turk to
survey (N=37) participants on potential facial expressions to be
used for input for AR glasses, before coding and mapping sugges-
tions to available FAU groups/expressions, deriving a set of 15 facial
gestures for driving various AR interactions (e.g. smiling to answer
a call, being sad to decline a call), narrowing this down to 8 candi-
date gestures (AU12 (smile), AU27 (open mouth), LP (lip movements
related to negative emotions), AU1+2 (lift eyebrows), AU4 (frown),
AU43 (close eyes firmly), AU46 (right eye wink), and AU61 (eyes left)),
and capturing training data (N=13) to train a classifier for those
gestures (mean F1 score of 0.911). And outside of head-mounted
displays, there are a number of handheld AR solutions utilizing
smartphone cameras. Snapchat, Instagram and many other apps
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have filters which can track a user’s face and even have interactions
depending on facial action activation - mostly when a user opens
their mouth or raises their eyebrows [2].

2.5 Summary

What is commonly lacking in literature examining facial input for
interaction is a broad, comprehensive assessment of the usability
of the available inputs - be they treated at the granular facial ac-
tion unit level, or as groups of FAUs comprising of expressions.
The works we examined tended to cherry pick particular FAUs
or expressions, based on some negotiated exploration with small
numbers of participants, or picking everyday expressions that are
assumed to be replicable such as smiling, frowning etc. Moreover,
no paper has yet evaluated a facial input-only interface to drive
VR gaming and interaction - with the closest works using combi-
nations of facial input and speech outside VR [85] or only giving
users limited controls in VR (e.g. no turn left/right, toggled forward
movement [22]). Consequently, in this paper we set out to focus
on facial input at its most granular, systematically assessing the
usability of available FAUs on a consumer VR headset, and then
applying our findings to a specific use case: facial input driving VR
gaming and interaction.

3 Study 1: Identifying Candidate Facial Action
Units for Interaction

Given that consumer VR headsets such as the Meta Quest Pro now
support FAU tracking using inward-facing cameras - a key feature
for driving personalised avatar animations for social VR - our aim
was to examine which of these FAUs, if any, were viable candi-
dates to be used for short, discrete interactions. The motivation
was to find facial inputs that could be employed across a breadth
of XR activities, foremost being the use of facial locomotion, poten-
tially supporting users with motor impairments to be able to freely
navigate virtual worlds.

3.1 Experimental Design

We evaluated the performance and comfort of 53 FAUs tracked by
the Meta Movement SDK”, see Table 1. There were two types of
FAU tracked by this SDK that we did not evaluate: those related
to eye movements (eyes closed/up/down/left/right), excluded as we
ultimately wanted a set of FAUs that did not compromise the VR/XR
viewing experience; and those related to tongue movements, as at
the time of conducting the study the SDK had not yet implemented
this support. Both would be valuable additional facial inputs to
consider by future work, aided by our study design.

During the study, participants were asked to perform each of
the 53 FAUs (repeated 3 times) based on a visual demonstration
on a virtual avatar visible ahead of them. FAUs were performed
in a random order, except that both sides of two-sided FAUs (e.g.,
BrowLowerer left and BrowLowerer right) were done as a sequential
pair, in a random order, for 3 trials each. After attempting to perform
each FAU, participants were to indicate their subjective experience
of performing it, in terms of disomfort, effort and success.

Shttps://developer.oculus.com/documentation/unity/move-overview/, last accessed
August 2024
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Table 1: The 53 FAUs evaluated in this study. Directions indicates variants for performing the FAU towards Left, Right, Top, or
Bottom. Textual descriptions are taken directly from the Meta Movement SDK for clarity.

FAU Directions Description from Meta Movement SDK

BrowLowerer L/R Knit and lower the brow area and lower central forehead.

CheekPuff L/R Fill the cheeks with air causing them to round and extend outward.

CheekRaiser L/R Tighten the outer rings of the eye orbit and squeeze the lateral eye corners.

CheekSuck L/R Suck the cheeks inward and against the teeth to create a hollow effect in
the cheeks

ChinRaiser T/B Push the skin of the chin and the lower lip upward. When the lips are
touching, the upward force from the lower lip pushes the up top lip as well.

Dimpler L/R Pinch the lip corners against the teeth, drawing them slightly backward
and often upward in the process.

InnerBrowRaiser L/R Lift the medial brow and forehead area.

JawDrop Moves the lower mandible downward and toward the neck.

JawSideways L/R Moves the lower mandible leftward.

JawThrust Projects the lower mandible forward.

LidTightener L/R Tighten the rings around the eyelids and push the lower eyelid skin toward
the inner eye corners.

LipCornerDepressor  L/R Draw the lip corners downward.

LipCornerPuller L/R Draw the lip corners up, back, and laterally.

LipFunneler L/RxT/B  Fan the lips outward in a forward projection, often rounding the mouth
and separating the lips.

LipPressor L/R Press the upper and lower lips against one another.

LipPucker L/R Draw the lip corners medially causing the lips protrude in the process.

LipStretcher L/R Draw the lip corners laterally, stretching the lips and widening the jawline.

LipSuck L/R X T/B  Suck the lips toward the inside of the mouth.

LipTightener L/R Narrow or constrict each lip on a horizontal plane.

LipsToward Forces contact between top and bottom lips to keep the mouth closed

regardless of the position of the jaw.

LowerLipDepressor ~ L/R
Mouth L/R

Draw the lower lip downward and slightly laterally.
Pulls the left lip corner leftward and pushes the right side of the mouth

toward the left lip corner; pulls the left lip corner leftward and pushes the
right side of the mouth toward the left lip corner.

NoseWrinkler L/R

Lift the sides of the nose, nostrils, and central upper lip area. Often pairs

with brow lowering muscles to lower the medial brow tips.

OuterBrowRaiser L/R
UpperLidRaiser L/R
UpperLipRaiser L/R

Lift the lateral brows and forehead areas.
Pull the top eyelid up and back to widen eyes.
Lift the top lip (in a more lateral manner than nose wrinkler)

3.2 Procedure

Whilst wearing a Quest Pro VR headset, we first asked participants
to make a neutral resting face and captured this state for a base-
line of FAU activation when not actively attempting to perform
specific FAUs. Further baseline resting face data was captured at
the end of each trial. Then, we randomly proceeded through the
53 FAUs. We conducted an initial practice run where participants
were presented with a Meta SDK reference face model animation
illustrating what activating the current FAU would look like, and
asked participants to practice enacting the given expression until
they were comfortable. Participants did not receive visual feedback
about their performance, as individuals have varying movement

ranges/characteristics, so requiring a set level/constellation of acti-
vation may be uncomfortable (or not that individual’s preference)
After the familiarization phase, we moved to the data collection
phase, where participants performed each FAU in Table 1 three
times. For each trial, participants were given a short countdown
and then prompted to perform and hold the chosen FAU for a pe-
riod of 3 seconds (i.e. representative of a prolonged discrete input),
performing this as comfortably and accurately as possible. After
the completion of the trials, they were given an in-headset ques-
tionnaire (see Section 3.3).
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3.3 Measures

We assessed the objective performance and subjective perception
of the available FAUs to make a determination of their suitability
for use as discrete inputs in VR.

3.3.1 Subjective Performance. After each set of trials for each FAU,
participants received three brief in-headset questions, all on 11-
point scales, covering the following topics and questions:

Discomfort: "How comfortable was the expression?" from "Very
Comfortable" to "Very Uncomfortable";

Effort: "How much effort did it take to make the expression?" from
"No Effort" to "Maximum Effort", with the scale end points
inspired by the Borg rating of perceived exertion [15];

Performance: "How well would you rate your performance in repli-
cating the expression?" from "Replicated Perfectly" to "Failed
to Replicate".

3.3.2  Objective Performance. We also captured real-time log data at
20Hz for the 3 second duration of the trial (the "holding" phase), and
for an additional 1 second post-trial (the "release" phase), capturing
the activation state (ranging from 0..1 as provided by the Meta SDK)
for every FAU so that we would have a complete picture of what
FAUs were activated alongside the AU of focus for the trial. From
this, we calculate:

Mean Activation: Referring to the average activation value (0..1)
across the trials for a given FAU, based on the 2 second time
window of 0.5 to 2.5 seconds during the trial (i.e. ignoring
the first 0.5 seconds where the participant reacts to enact
the FAU, and the last 0.5 seconds of the trial where fatigue
might impact their performance in holding the FAU).

Responsiveness: Referring to the time to reach a given threshold
during the trial (in seconds), with the threshold being the
lower confidence interval calculated post-hoc based on the
per-participant 95% confidence interval of the activation val-
ues. This is intended to give a measure of how quickly an
FAU could be meaningfully activated given a basic person-
alised threshold similar to [85].

3.3.3  Overall Usability Score. Finally, as a means of identifying the
"best" FAUs available across the range of measures we captured,
we calculated an overall usability score for each FAU, normalizing
each measure to range between (0—10) where lower was better,
providing a rank order taking all available measures into account
as follows:

Effort + Performance + Discomfort +
(Responsiveness / 2)*10 +
Activation)*10

(1-Mean

3.4 Participants

Participants were recruited using advertising on social media plat-
forms and internal mailing lists, being paid £10 for their time in
Amazon vouchers. 20 participants took part (13 male, 7 female),
with mean age = 24.0 years (SD = 5.0), and mean hours of VR usage
a week = 1.9 hours (SD = 3.5), with 8 participants not being VR
users. 8 participants wore glasses and 1 participant wore a head
garment during the study, and 4 had some form of facial hair. The
study was approved by our college’s ethics committee.
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3.5 Results

Our full dataset is available on Zenodo (10.5281/zenodo.14756351).
For statistical significance testing, an Aligned-Rank Transform
(ART) [28] was used to transform non-parametric data prior to
conducting a repeated measures ANOVA on the AU of Focus factor
(the target FAU being deliberately performed by the participant),
using the ARTool R package [44]. ART enables parametric tests on
non-parametric data. When using ART, as noted by Wobbrock et
al. [95] “the response variable may be continuous or ordinal, and is
not required to be normally distributed”, making it well suited to our
dataset. Pairwise contrasts for main effects were also conducted
[44], however given the number of pairwise comparisons given 53
FAUs (1378 tests) these are not reported. Instead, given the focus of
this study was to identify a set of viable FAU candidates to use for
VR/XR interaction, we calculated the pareto optimal top-k candidate
FAUs (using psel from the R library rPref) based on an optimisation
of:

high(Mean Activation) * low(Responsiveness)
* low(Discomfort) * low(Effort) *
low(Performance)

The result of this is effectively a rank ordering of FAUs (with
multiple FAUs per rank), ordered from most to least optimal in
balancing these outcome measures.

3.5.1 Objective and Subjective FAU Performance. Figure 2 provides
an overview of the objective performance (mean activation, re-
sponsiveness) and subjective perception (discomfort, effort, perfor-
mance). A repeated measures ART ANOVA was performed on Score,
noting a significant effect (F(27,513) = 12.49, p < 0.01). Post-hoc
pairwise contrasts (using art.con) revealed 378 significant contrast
results, which would not be meaningful to report - however the
breadth of results here indicated that there were clearly strata of
varyingly viable FAUs to consider. FAUs with the lowest overall
scores. JawDrop in particular was very responsive with low dis-
comfort and effort and high performance, but other FAUs scored
closely to JawDrop e.g. LidTightener being slightly higher effort,
CheekPuff being marginally worse across all measures, and Mouth
being slightly less responsive.

3.5.2 Top-k FAU Candidates. The calculated optimal FAU candi-
dates largely mirrored the Score ordering, with psel returning 6 rank
levels (see Table 2). In particular, those at Level 1 (LidTightenerLR,
JawDrop) and Level 2 (UpperLipRaiserLR, LipSuckLT/RT, JawThrust,
MouthLR, LipSuckLB/RB, DimplerLR, CheekPuffLR) were the optimal
candidates based on this ordering of measures.

3.5.3 Co-Activations Across FAUs. As FAUs are innately tied to
expressions (i.e. raising an eyebrow might pull parts of the cheek
and mouth upwards in-turn) we also examined the extent to which
other FAUs than the target were activated (where based on the
Meta Movement SDK descriptions a value tending towards 1.0
equates to the maximal/strongest expression of that FAU [61]), and
indeed whether this activation was correlated with the target FAU
interaction.

We can see that our best scoring FAUs commonly featured the
strongest expressions in our dataset (top of Figure 3). And there
were commonly strong positive correlations between Left/Right
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Figure 2: Boxplot of measures. For Mean Activation, Perceived Performance, and overall Score, higher is better; for Responsive-
ness, Perceived Discomfort, and Perceived Exertion, lower is better. Boxplot lower and upper hinges indicate the 25th and 75th

percentiles.

pairs of FAUs (bottom of Figure 3) as well as strong positive cor-
relations within related face regions (e.g. LipFunneller, LipPressor,
LipPucker) which would indicate caution should be taken when
considering the use of these regions of FAUs in-particular given
the risk of false positive activation. This also points to potential

problems in using symmetrical FAUs for input given co-activation,
however for the majority of our best scoring FAUs despite strong
correlations, there appeared to be clear differences in activation
magnitudes that would suggest symmetrical actions remain feasible
to examine.
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Figure 3: Top: Plot of the mean FAU activation value across Participants and Trials, higher indicates a stronger expression of
said FAU, bounded between (0-1). Bottom: A correlation matrix where Pearson’s correlation has been calculated between the
FAU of focus (i.e. the FAU the participant was being asked to perform) and the activation of all available FAUs.
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Table 2: Ranked optimal FAUs (lower is better). Bold FAUs are the candidates we ultimately selected to carry forward to Study 2.
Cell colour ranges from green (best rank) to yellow (worst rank). Suffix letters indicate (L)left, (R)ight, (T)op, (B)ottom.

FAU Rank FAU Rank
LidTightenerLR CheekRaiserLR

JawDrop LipsToward

CheekPuffLR LipCornerPullerLR

MouthLR BrowLowererLR

UpperLipRaiserLR UpperLidRaiserLR 4.00
LipSuckLT/RT NoseWrinklerLR 4.00
JawThrust CheekSuckLR 4.00
LipSuckLB/RB LipTightenerLR 4.00
DimplerLR LipStretcherLR 4.00
LowerLipDepressorLR InnerBrowRaiserLR 5.00
LipCornerDepressorLR LipFunnelerLT/RT 5.00
JawSidewaysLR LipPressorLR 5.00
LipPuckerLR LipFunnelerLB/RB 5.00
ChinRaiserBT OuterBrowRaiserLR 6.00

3.6 Selecting FAU Interaction Candidate Subset

We selected the two 1 ranked Pareto optimal FAUs (JawDrop,
LidTightenerLR) and the lowest scoring level 2 ranked FAUs
(MouthLR, CheekPuffLR). In practice, this gave us 7 FAUs for subse-
quent designs, taking into account the available left/right variants
for all FAUs bar JawDrop.

We stress that this is a generalised selection of candidates, and
different preferences for optimisation (e.g. prioritising performance
and responsiveness alone for high-performance FAUS; or prioritis-
ing comfort and exertion alone for the easiest-to-use FAUs) would
be likely to result in subtly different candidate selections for a given
interaction context or user group. Importantly, our open dataset
allows for such further exploration of FAU interactions, particu-
larly motivated by the fact there were a total of 15 FAUs (including
directionality) that were ranked 2 or above and featured a blend of
discernible activation, responsiveness, perceived performance and
low discomfort and effort. Nonetheless, we believed that this candi-
date list would give us a selection of viable, usable FAUs that were
broadly performant and comfortable to use for which to evaluate
multi-FAU interaction.

4 Facial Action Unit Vocabulary and Model
4.1 Vocabulary

We chose a vocabulary of seven facial action units based on our find-
ings in Study 1 (shown in Table 2). This vocabulary includes three
pairs of opposite-side action units. This horizontal symmetry is
potentially ideal for mapping onto diametric interaction functions,
e.g., turning left/right, skipping to previous/next song, decreas-
ing/increasing volume. These pairs also focus on different regions
of the face (i.e., eyes, cheeks, mouth), which should help with mem-
orability and increase the robustness of detecting which action unit
is being performed. These are complemented by the JawDrop action
unit, a non-sided face movement, better suited for the primary user
interface function, e.g., toggling music playback or moving forward
in a game.

4.2 Recogniser

We used the facial action unit measurement data from Study 1
to train and test a neural network for detecting when users were
performing the facial action units in our vocabulary. We used Keras
[19] to implement the model. All 53 facial action unit measurements
were used as input features; we used this full feature set because
most of the facial expressions resulted in co-activation of other
facial action units (e.g., the LidTightener actions result in other
measurable eye movements) and so a larger number of features
was expected to improve classification accuracy. Model output was
a 1x8 tensor representing the estimated probability of the seven
facial action units plus a resting face state (i.e., a neutral facial
expression).

Data from Study 1 was split 80%/20% into training/testing, re-
spectively. Evaluation of model performance on the test dataset
shows an F1 score of 0.95 with classification accuracy of 98%. F1
scores for the individual classes are shown in Figure 4. Analysis
of the confusion matrix for the test dataset found that almost all
of the incorrect classifications were due to predicting the Resting
facial state instead of an active facial action unit. From a usability
perspective this is ideal because false positives for the resting facial
state mean no input actions will occur, versus the less convenient
alternative of falsely activating an incorrect action unit.

5 Facial Input Prototype Demonstrators

To demonstrate and test the use of facial inputs in XR in-practice,
we decided to focus on the design of two prototypes that exem-
plified different common forms of interaction with an XR device -
Locomotion in the form of an interactive VR game; and Web Brows-
ing as a form of spatial interface interaction for AR. Across both
Tasks, FAUs were triggered using the model trained previously
(updated per-frame), with input FAU activation data from the Meta
SDK, and both tasks were run from the Unity Editor using Meta
Link to ensure performance.
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Facial Action Unit F1 Score
CheekPuffL 0.93
CheekPuffR 0.95
JawDrop 0.94
LidTightenerL 0.97
LidTightenerR 0.98
MouthL 0.95
MouthR 0.93
Resting 0.98
Overall 0.95
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Figure 4: F1 scores for the eight facial action units (left) and confusion matrix showing classification accuracy (right).

5.1 Task 1- Gaming in VR

This constituted of a small scale free-roaming VR test environment
(see Figure 5), where users would have to navigate, interact with
virtual objects and buttons, and shoot virtual targets - effectively
necessitating common locomotion and interaction controls that
drive a host of VR games and experiences.

5.1.1  Environment. We designed a basic environment that con-
sisted of a room (Figure 5 (c)) and a twisting corridor (Figure 5 (d)).
This environment contained a series of tasks to be completed, based
on exemplars from the Unity XR Interaction Toolkit®:

Training Prior to starting the trial, participants were shown a
gallery of faces (Figure 5 (b)) which demonstrated the con-
trols, and gave participants feedback on FAU activation, al-
lowing them to practice each FAU input in turn. These were
depicted by the Meta Movement SDK High Fidelity Avatar
face.

Shooting (triggered by Shoot) Shooting a series of 5 static tar-
gets.

Object Manipulation (triggered by Interact) Grabbing a series
of 3 cubes and then moving them to a nearby con-
tainer/basket.

Selection (triggered by Interact) Pressing a series of 3 buttons.

Escape the Maze Once the above sub-tasks were completed, a
door would open and the user would then have to navigate
a small number of left/right turn corridors to arrive at the
"exit", ending the trial.

5.1.2  Facial Input Control Scheme. Based on our selected FAU can-
didates for interaction (LidTightener, JawDrop, Mouth, CheekPuff),
we designed the following control scheme:

Forward Activated on JawDrop as a continuous input.

®https://docs.unity3d.com/Packages/com.unity.xr.interaction.toolkit@3.0/manual/
index.html, last accessed August 2024

Figure 5: Environment for Task 1. a) Top-down view; b) Start-
ing gallery of faces depicting the FAU controls, used to train
participants. The red background would turn green when a
given FAU was activated, and participants were instructed to
try each FAU until they were comfortable activating them;
c) the first area encountered, with the three tasks: button
selection left, object manipulaton center, and shooting right;
d) the maze participants had to navigate once the three tasks
were complete.

Turn Left/Right Activated on Mouth - Left/Right and CheekPuff -
Left/Right as a continuous input / continuous rotation. We
doubled up on these controls to allow users to experience all
of the FAU candidates. This was enacted as an inertial turn
to reduce jerkiness - meaning that the turn rate would ramp
up/down to a maximum of 3 degrees per second and a decay
rate of 0.1 degrees per second.


https://docs.unity3d.com/Packages/com.unity.xr.interaction.toolkit@3.0/manual/index.html
https://docs.unity3d.com/Packages/com.unity.xr.interaction.toolkit@3.0/manual/index.html
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Interact Activated on LidTightener - Left as a discrete toggle to
enable grabbing virtual objects.
Shoot Activated on LidTightener - Right as a discrete input.

This assignment was primarily informed by not assigning fre-
quently used turn controls to LidTightener on the assumption they
might interfere with viewing, and using the best FAU for what was
anticipated to be the most frequently used action (moving forwards).
These assignments ensured that participants could experience all
of the candidate FAUs available, whilst leveraging directionality
for turning left/right to better aid recall. Moreover, whilst we could
have used toggles for movement, we elected to retain continuous
input to get as close to parity with the controller input, in terms of
responsiveness and immediacy of input, as possible

For targeting, we used the head orientation (with a visible reticule
placed approximately 1m from the user’s CenterEyeAnchor) rather
than available eye tracking to avoid previously discussed issues with
eye tracking input potentially impacting the user’s comfort/ability
to view the VR scene or detracting from the focus on facial vs
controller input. And we differentiated between Shoot and Interact
options to introduce a realistic sense of having multiple disparate
inputs to enact, despite the fact this design could be simplified to
enact both with one input.

We also implemented a baseline control scheme for comparison
using the VR controllers, with standard controls: thumbstick for
forward, turn left, turn right; triggers for select/shoot.

5.2 Task 2 - Web Browsing in AR

The second task was a basic Chrome-based web browser using the
Unity Web Browser project’, with users able to navigate a single
website: the BBC’s Uplifting Stories page®.

5.2.1 Environment. This task was to exemplify a spatial interface
for AR, and thus we enabled the full-colour passthrough mode

"https://github.com/Voltstro-Studios/UnityWebBrowser/, last accessed August 2024
8https://www.bbe.co.uk/news/topics/cx2pk70323et, last accessed August 2024

Figure 6: Left: Screenshot of the Task 2 AR Web Browser,
which featured a large virtual browser window. This was
presented on a large 100*100m canvas placed approximately
80m away from the participant, creating the sense of a large,
exocentric world-locked display with an effective viewing
size comparable to a large 30inch monitor. Right: User wear-
ing the Meta Quest Pro headset and performing a JawDrop
interaction, which for the browser enacted a selection on the
current URL being targeted.

Wilson et al.

of the Meta Quest Pro, and rendered a large exocentric browser
window.

5.2.2  Facial Input Control Scheme. Based on our candidate FAUs,
we devised the following control scheme:

Select Activated on JawDrop as a discrete input.

Scroll Up/Down Activated on Mouth - Left/Right and CheekPuff -
Left/Right as a continuous input / continuous scrolling. Sim-
ilarly to the Locomotion task we implemented basic inertial
scrolling.

Back Activated on LidTightener - Left as a discrete action.

To adapt these facial inputs to interacting with an interface, we
added a general time delay of 1.5 seconds across browser interac-
tions to prevent accidental successive inputs (e.g. where JawDrop
was held for too long and would click a link on the next rendered
page accidentally). Targeting was again enacted through head ori-
entation, and we implemented a baseline control scheme, where
the VR controller thumbstick scrolled up/down and enacted back
transitions, and triggers were used to select links based on head
orientation targeting.

6 Study 2: Facial Input for Locomotion and
Interaction in a Virtual Environment

Given our demonstrators, we elected to perform a small-scale forma-
tive evaluation to examine whether our candidate FAUs ultimately
provided a viable means of interacting with an XR device, and did
so in a way that was generalisable i.e. a user being able to interact
with a spatial interface or menu, launch a game that necessitated
moving around a 3D environment, and then play said game - all
using facial input alone.

6.1 Design

Consequently, we had two factors, Input and Task resulting in four
conditions: {Facial, Controller} * {VR Game, AR Web Browser}. Note
that to ensure parity between the control schemes whilst keeping
the controls simple and memorable, no other movement functions
were provided in the VR game (e.g. no backwards movement, straf-
ing, sprinting etc.). We examined these factors within-subjects.

6.2 Measurements

We provided participants with a questionnaire after each condition
prioritising measures that were applicable across Task types, com-
prising of participants’ (1) perceived workload, using the 6-item
NASA TLX [34], (2) perceived exertion, using the 1-item Borg
Rating of Perceived Exertion [15], (3) and simulator sickness,
using the 1-item MISC Mlsery Scale [17]. Additionally, we collected
usability insights using five 1-item 7-point Likert-Type questions
covering ease of use, responsiveness, reliability, error proneness, and
general usability, ranging from Strongly Disagree to Strongly Agree,
informed by [49]. Finally, we asked for the participants’ social com-
fort, using three 1-item 7-point questions asking if participants
would be comfortable performing these interactions in 1) public
settings (e.g. in a cafe); 2) semi-private settings (e.g. in a hospital or
train); 3) private settings (e.g. alone in your home), ranging from
Strongly Disagree to Strongly Agree, informed by [47, 54], and their
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willingness to use FAUs as input, e.g., "If there were no alterna-
tive controls available (e.g. if you were unable to use your hands),
would you use these controls for this kind of activity?", ranging from
Strongly Disagree to Strongly Agree.

At the end of the study, we then asked participants to rank the
FAUs in order of preference of usage for discrete (e.g. pressing a
button, shooting, selecting a website link), short continuous (e.g.
quickly turning or moving forward in between other actions in
the game), and long continuous (e.g. scrolling down a long web
page, moving forward for a prolonged period) interactions. We
then followed up with interview questions:

¢ Did you like or dislike facial input, and why?

e Based on your experience of moving and interacting in VR,
what aspects of facial input were beneficial to, or superior over,
controller input if any? And what was worse compared to the
controller?

e Based on your experience of browsing the web in AR, what
aspects of facial input were beneficial to, or superior over, controller
input if any? And what was worse compared to the controller?

e Would you change anything about how the facial inputs
mapped to the different controls in the game or browser, and if so
why? Did particular mappings feel right or wrong to you?

e If you could use facial inputs anywhere, anytime and have
them detected, where could you imagine using facial input in the
future in your everyday life?

6.3 Procedure

This study was approved by our college ethics committee. Partici-
pants were first briefed through a plain language statement, and
informed consent sought to take part. Then demographics data was
captured about their age, gender and existing VR usage.

Participants were first instructed on how to perform each of the
facial inputs outside of VR, through demonstration by the experi-
menter. Participants were then fitted with a Meta Quest Pro headset,
absent side light blockers to ensure the face was well lit, and given
training on each of the Tasks controls as they encountered them.
The VR Game always came first for all participants, as this also
featured an in-headset training step where participants could enact
FAUs and get real-time feedback of their activation. This was also
used to filter out any participants for whom FAU did not sufficiently
function (see Participants). The order of Facial and Controller input
was counter-balanced for VR Game, with the opposite order used
for the AR Web Browser.

For the VR Game, once training was complete participants com-
pleted between 1-2 trials, based on a minimum of 5 minutes of time
interacting. For the AR Web Browser, participants were instructed to
browse the aforementioned BBC site for 4 minutes, and to visit and
scroll through at least 3 articles in that time. After each permutation
of Input*Task participants filled out a post-Condition questionnaire
based on the measures mentioned previously, and ranked the FAU
inputs and answered interview questions at the close of the study.

6.4 Participant Demographics

Study 2 took place approximately 3 months after Study 1. 13 partic-
ipants were recruited, including 3 who had previously taken part
in Study 1, however 3 dropped out, for reasons of being unable to
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activate one or more of the FAUs (P3 - LidTightener inputs would
not work; P4 - only JawDrop worked, potentially because they had
a more slender face with less pronounced cheeks) or because of
experiencing cybersickness during the VR Game (P7, VR Game,
Controller condition). This meant that 10 participants ultimately
completed the study (3 female, 6 male, 1 non-binary) aged 20 to
29 (mean=24 years, sd=2.7 years). With respect to VR usage, 2
participants had never used VR before, 3 "several times a year", 2
"several times a month", 2 "several times a week" and 1 "daily".

7 Results
7.1 Analysis

For statistical significance testing between conditions (e.g. for ques-
tionnaire data) an Aligned-Rank Transform (ART) [27] was used
to transform non-parametric data prior to conducting one or two-
way repeated measures ANOVAs, using the ARTool R package [42].
For effect size, partial eta squared ryf, is reported [58, 72]. Pairwise
contrasts for main effects were also conducted [43]. For boxplots,
lower and upper hinges indicate the 25th and 75th percentiles,
with notches extending 1.58 * IQR / sqrt(n) as an approximate 95%
confidence interval. For qualitative data, a single coder performed
inductive coding over two passes, establishing an initial codebook
on the first pass and then refining into themes on the second pass.

7.2 Quantitative Data

Whilst our focus for this study was on qualitative insights, we
first report our descriptive statistics to support interpretation. See
Table 3 for an overview of significance testing results.

7.2.1  Workload and Physical Impact (Figure 7). If we consider Work-
load firstly, we can see that there were significant effects for both
Condition and Task - with the VR Game being significantly harder
than the AR Browser, and Facial Input being harder than Controller
Input. This is not unsurprising, but worth noting is the generally
low workload of the Facial Input Browser. And if we examine the
physical impact on exertion, we can see similar findings. For nau-
sea/sickness, there were no significant effects.

7.2.2  Usability (Figure 7). Generally facial input was seen as rela-
tively easy to use, usable and responsive - albeit consistently less
so than the controller input. Notably however, facial input was per-
ceived as much more error prone and unreliable, with significant
effects of Condition on all measures.

7.2.3  Social Comfort and Willingness to Use (Figure 8). As could be
expected, Condition had a significant effect on perceived social com-
fort for public and semi-private spaces, but not for private spaces,
reflecting obvious concerns about large facial gestures. There was
also an effect of Task for public settings, but this is likely an artefact
of the fact the VR game featured no reality awareness mechanism.

For willingness to use, participants were broadly positive towards
facial input, with the majority of the responses around agree to
slightly agree.

7.2.4  Rankings (Figure 8). Finally, we asked participants to consider
the appropriateness of the selected FAUs for different generalised
types of Interaction, to see if there were any emergent preferences
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Main Effects

Measure Factor DoF F p J& Mean (SD)

Workload & Physical Impact

Input 1,28 19.34 <0.01

TLX - Workload ~ Task 1,28 566 002 017 Cont-Brow: 6.92 (8.78) Cont-Game: 18.41 (12.14)
Input*Task 1,28 0.66 Face-Brow: 23.17 (12.39) Face-Game: 31.36 (18.89)

MISC Misery Anput 1,28 049 049 002

Scale Task 1,28 127 027 004 Cont-Brow: 0.6 (1.26) Cont-Game: 1.82 (2.64)
Input*Task 1,28 0.66 Face-Brow: 0.7 (0.95) Face-Game: 1.18 (1.72)

Borg RPE - Anput 1,28 886 0.01

Exertion Task 1,28 599 002 018 Cont-Brow: 0.5 (0.94) Cont-Game: 1.41 (1.59)
Input*Task 1,28 0.74 Face-Brow: 1.45 (1.28) Face-Game: 1.86 (1.4)
Input 1,28 <0.01

Ease of Use Task 1,28 306 009 01 Cont-Brow: 2.9 (0.32) Cont-Game: 1.91 (1.45)
Input*Task 1,28 0.69 Face-Brow: 1.1 (1.73) Face-Game: 0.91 (1.7)
Input 1,28 <0.01

Responsive Task 1,28 183 019 006 Cont-Brow: 2.7 (0.67) Cont-Game: 1.73 (1.19)
Input*Task 1,28 0.28 Face-Brow: 0.8 (1.87) Face-Game: 0.55 (1.75)
Input 1,28 <0.01

Reliable ‘Task 1,28 038 054 001 Cont-Brow: 2.7 (0.67) Cont-Game: 2.18 (0.98)
Input*Task 1,28 0.32 Face-Brow: -0.1 (1.6) Face-Game: 0.36 (1.69)
Input 1,28 <0.01

Error Prone Task 1,28 106 031 004 Cont-Brow: -2.4 (0.97) Cont-Game: -1.09 (1.7)
Input*Task 1,28 0.08 Face-Brow: 0.8 (1.93) Face-Game: 0.64 (1.36)
Input 1, 28 <0.01

Usable Task 1,28 101 032 003 Cont-Brow: 2.6 (0.52) Cont-Game: 2 (1.1)
Input*Task 1,28 0.61 Face-Brow: 1.3 (1.7) Face-Game: 1.27 (1.42)

Social Acceptability

Social Comfort - WPut 1,28 52.08 A 065

Public ‘Task 1,28 6.54 002 019 Cont-Brow: 1.9 (1.85) Cont-Game: 0.55 (1.86)
Input*Task 1,28 3.67 0.07 0.12 Face-Brow: -1.8 (1.69) Face-Game: -2.18 (1.25)

Social Comfort - P4t 1,28 3485 066

Semi-Private Task 1,28 132 026 0.05 Cont-Brow: 2 (1.83) Cont-Game: 0.91 (1.81)
Input*Task 1, 28 2.19 0.15 0.07 Face-Brow: -1.1 (1.66) Face-Game: -1 (1.67)

Social Comfort - WUt 1,28 18 018 006

Private Task 1,28 049 049 0.02 Cont-Brow: 2.6 (0.52) Cont-Game: 2.27 (1.01)
Input*Task 1,28 0.25 0.62 0.01 Face-Brow: 1.9 (1.85) Face-Game: 2 (0.89)

Table 3: Breakdown of statistical testing by measure, including post hoc tests. Cells in green highlight rows with a significant
main effect. For means and standard deviations, shorthand labels denote Cont: Controller Input; Face: Facial Input; Brow: AR

‘Web Browser; and Game: VR Game.

based on their experience. Interestingly, there was a strong prefer-
ence for LidTightener for short discrete interactions (6/10 users),
whilst preferences moved towards CheekPuff and JawDrop for long
continuous interactions, and Mouth was largely not preferred.

7.3 Qualitative Data - Interviews

7.3.1  Sentiment Towards Facial Input.

Hands-Free Interactions and Usability. 7/10 participants noted lik-
ing Facial Inputs (FI) for a variety of reasons. Foremost of these were
discussions around the perceived usability of FI, and in particular

the benefits of a hands-free interaction modality. 6/10 participants
noted some aspect regarding usability, with FI perceived as being
“meaningful” (P0), "fun" (P6/P9), "surprisingly smooth" (P8), "not...
that physically demanding" and "responsive" (P1), "convenient" (P3),
easy to use and "very fluid" (P9). 6/10 participants reflected on the
benefits in terms of freeing up hands for other tasks, e.g.:

PO: "it was nice to not have to use the controller. It was
nice to be able to read things and then kind of just move
my face as I'm reading";

P3: "would be great in situations where I can’t use my
hands... I actually have freedom with my hands. I can
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Figure 7: Left: Boxplot of per-condition questionnaire for exertion, sickness and workload - higher is worse. Right: Boxplot of
per-condition questionnaire for ease of use, errors, reliability, responsiveness and general usability. Higher is better for all

measures except €rror prone.

do whatever, juggle balls!".

P12: "If I was navigating a web page while walking
with AR glasses and I'd be able to navigate it as my
face. I think that’s something I could see myself using it
in... IfI didn’t want to be waving my hands about to do
gesture-based, hand-based interaction with it in public
when walking down the streets, I could do something
more subtle."

Indeed, P3 elaborated that, for example, when cooking a meal and
unable to wash their hands, FI would offer a valuable alternate
input modality.

Multi-Tasking and Mobile Interaction. Similarly, FI was also noted
to be potentially beneficial whilst mobile or multi-tasking, e.g.:

Pé6: "I would only probably use it walking about if I was,
like, desperately needed something to know and be like,
like, pull this up";

P8: "Definitely for multitasking if you’re busy using
your hands. For example, I do art on an iPad... but I can
use my eyebrow to, like, skip a song".

P11: "I would use it if 'm multitasking"

Reliability and Fatigue. But FI was not without difficulties, with
3/10 participants noting they expressly did not like FI, e.g. P10: "It
made me feel uncomfortable". 4/10 participants remarked on their
struggles with reliability:

P3: "when using the eyes to try and shoot, I somewhat
struggled to get this shot actually going in. So that
wasn’t necessarily very reliable".

P12: "I couldn’t do the left eyelid properly. I could do ev-
erything else, but that was the one that I struggled with.
I worked most of the time, but just not consistently."

Fatigue and effort were commonly noted drawbacks for 6/10

participants, particularly for prolonged usage:

P9: "it’s quite hard, especially if I'm just trying to scroll
for ages, just keeping one cheek puffed. I felt like I was
running out of air, and I was kind of, like, gasping in
between.";

P5: "It was still like a bit tiring holding your face in
certain ways";

Pé6: "the only thing I disliked is how sore my face is now".
P11: "I think long term, yeah, you don’t want to stay on
a continuous facial expression. It’s tiring!"
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Figure 8: Left: Boxplot of per-condition questionnaire for social comfort. Higher is better for all measures except error prone.
Right: Stacked barchart of preference rankings across FAU and Interaction, lower rank is better.

In contrast, the controller was perceived as more reactive or easier
(3/10 participants) and supported greater input flexibility through
concurrent inputs (2/10 participants)

7.3.2  Facial Input Challenges.

Differing Abilities. 5/10 participants reflected on the differing
abilities of users to be able to enact certain FI poses, for example
in moving eyebrows independently: "Some people are very good at
moving their eyebrows. They can make, like, McDonald’s signs even
with it. But I struggle with that" (P0); or being unable to move upper
regions of the face (P3) or puff cheeks sufficiently (P6/P9).

False Positive Inputs. Two participants (P3, P12) noted poten-
tial frustration with false positive activations, particularly when
considering JawDrop and talking to others in the background:

P3: "It might be inappropriate in a situation where I'm
playing the game [and my] mouth is open and some-
one’s talking with me and I'm talking with them".

Direction and (A)Symmetry. 2 participants noted some confu-
sion around how the directionality of the FI corresponded to the
interaction technique. For example, when reflecting on the Browser
task:

P10: "To scroll up and down you had to move your left
or right cheek. But to select something you had to move
your jaw. For me, moving the jaw is a downward task
rather than a selection task."

PO: "Forward and back’s a funny one, because you kind

of have to... I think forward and back shouldn’t be a
left-right thing"

PO suggested that for Left/Right inputs such as turning in-game,
their preference was for "anything you can replicate on the left and
right. So, cheek puffs, eyebrows". Asymmetry was also raised by
the same participants, in the sense of being confused when having
functionally different inputs mapped to left/right FAUs e.g. shooting
and selection in the Game task, or back in the Browsing task.

Need for Customisation. 5/10 participants remarked specifically
on the need for customising the FI control scheme per-application,
partly to address differing abilities as previously noted, but also
simply preferences such as around directionality and asymmetry.
Notably, all participants exhibited some form of indirect feedback
around subtle changes to mappings or the responsiveness of FI
detection that provoked a need for personalization/customization.

Concurrent Inputs. In contrast to the controller, 2 participants
questioned whether they could adequately enact concurrent con-
trols with the default control scheme we provided for the Game
task, with CheekPuff and JawDrop being perceived as being difficult
to enact together:

P3: "Sometimes my plan was to have mouth open and
then cheek puff, so move and at the same time turn. But
I don’t know if that was an actual option available. But
that was one thing I had tried to do".
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Social Acceptability and Subtle Interactions. 5/10 participants
noted some form of concern around social acceptability or the
need for more subtle interactions or less exaggerated movements:

P9: "If you’re just sitting there with your mouth open,
every few seconds you do look a bit strange... I certainly
wouldn’t want to, like, be making weird mouth move-
ments in the middle of a cafe."

P3: "If ’'m in a public setting, I don’t want to be opening
my mouth constantly like that. It’s kind of weird. I'd
get weird stares";

P5: "You could even do something more subtle for, like,
selection, like biting your lip or something".

7.3.3  Envisioned Use Cases.

Casual Interaction Benefits for Spatial Interfaces. The Browser
demo exemplified potential benefits for everyday interactions with
spatial interfaces for 6/10 participants:

PO: "For scrolling through the news, doom scrolling";
P1: "Especially for like more mundane tasks like
scrolling or just like more 2D tasks of selecting stuff";
P3: "Basically any scenario where I just cannot use my
hands"; P6: "I found it extremely easy to use and it picked
up a bit better as well with scrolling so yeah I thought
it was quite good to use".

P12: "I felt quite lazy almost rather than using a con-
troller to navigate with it. The mouth actions... those
worked really well, so I was quite happy to do that. But
it wasn’t a preference to use that over a controller, it
was just an alternative, but that was more of an equal

footing."

A Viable, But Non-Preferable, Primary and Alternate Modality for
Games. Whilst it is clear from the feedback that Controller input
was, unsurprisingly, more usable and performant, the FI mapping
used here was seemingly viable, and even enjoyable for 3/10 partic-
ipants:

P9: "So for the game one, I quite liked it because, I mean,
Idon’t do VR often, but it was quite fun navigating like
that and it felt very fluid",

Pé6: "I thought it was a much more fun way to control a
game... it controlled really well which i wasn’t expecting,
I was surprised that [it] went so smooth[ly]. I liked it
for how uh easy it was and yeah kind of fun [using]
your face instead of a controller".

Indeed, P8 raised the idea that they might use this as an additional
supplementary input e.g. for enacting shooting despite having a
controller: "I am terrible at aiming but if I could just like look at a
target and aim that would be a lot smoother". And P12 noted that if
they "only had access to one or two buttons on a controller, a third
button as a facial action might be quite useful" e.g. to bring up a map
in-game.

Interestingly, there were also certain input mappings that were
seen not just as usable, but as appropriate or in some way enhancing
the interaction in the game. Using LidTightner, P11 noted for the
browser that "I liked going back. It’s quick with the eyes", whilst
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shooting in the Game task was a common point noted by 4/10
participants:

P10: "I felt like when you shoot an object, when you use
your facial expressions, they were a bit more like you
feel the effect more because you feel like oh, I just shot
this at the target"; P1: "Just aiming at the target and
shooting at them I think it’s fast cool I think it’s fast I
think it’s cool it’s fun";

P6: "[For] turning left and right... the interaction was
completely fine, it was fantastic and so was the shooting
and the moving forward".

But for two participants the controls were sufficiently problem-
atic that they would not use these for games:

P1: "Of I'm playing this for 20 minutes eventually I'll
Jjust be too tired and fatigued. Also no way for com-
petitive gaming to be feasible, especially if you’re up
against controller players or people with mouse and
keyboard".

Accessibility. Finally, 6/10 participants noted some perceived
benefit for accessibility, suggesting that FI was seen as sufficiently
viable to enable the interactions we prototyped:

P10: "I understand why it’s useful. It’s more, you know,
for accessibility reasons";

P3: "Imagine I'm a patient on the bed and I can’t even
move. Being able to have my XR or whatever kind of
screen and I'm lying down, that would be very useful
and especially [if] I can’t even use my hands";

P5: "I think, again, my brain just goes to... if you’ve
got some sort of disability or something that... would be
perfect".

P11: "I'm thinking of my cousin who can’t use her arms.

So definitely useful for [her]."

8 Discussion

Across two studies, we have explored the application and utility of
Facial Action Units as an alternate input modality for XR devices. In
Study 1, we identified the most usable FAUs that can be sensed by
a current cutting-edge consumer XR device (Meta Quest Pro), with
LidTightener and JawDrop representing the two 1-ranked FAUs.
We then trained a basic classifier for seven of the most usable FAUs
from Study 1, achieving an overall F1 score of 0.95. Then, using this
classifier, for Study 2 we built and evaluated two demonstrator XR
apps that could be used entirely with only facial input: a VR game,
and an AR web browser. In a small scale evaluation, we validated that
these apps were generally usable and did not overly exert users,
and that users saw value in a range of use cases based on their
experience, from accessibility to everyday hands-free interaction -
but that the reliability and responsiveness of facial input remains
to be improved, and for the VR game in particular, the controller
unsurprisingly remained the most performant option.

8.1 Facial Input as an Alternate Input Modality
for XR

We demonstrated the feasibility of having an XR platform where fa-
cial input could be offered as a generalized alternate input modality



CHI ’25, April 26-May 01, 2025, Yokohama, Japan

- enabling the user to interact with spatial interfaces and immersive
games without additional devices or body movements. There has
been a rich history of examining facial input in HCI, and we are not
alone in exploring facial controls for games or Uls before. However,
our work is novel in that it focused on the end-to-end challenge of
identifying suitable FAUs for interaction, classifying their activa-
tion, and then demonstrating their effectiveness in interacting with
spatial interfaces and controlling locomotion, all on a consumer
off-the-shelf XR headset. What this ultimately demonstrates is that
facial input offers a viable alternate input modality, that offers ben-
efits not just in terms of accessibility (as previously validated by
Taheri [84, 86, 87] in particular), but also has applications for hands-
free input for spatial and immersive computing across a range of
situational and temporary impairments.

XR accessibility has remained a sore point, a result of a focus on
embodied interaction and assumptions around a ‘corporeal stan-
dard’ that has been repeatedly challenged [32] and yet has seen
slow progress in leading platforms. Take the Meta Quest range
for example, where accessibility is largely addressed in terms of
visual impairments but not interaction inequality’. Yet these de-
vices continue to add sensing that is entirely capable of facilitating
generalized, accessible interactions. Any Ul that can be interacted
with through a controller-based raycast could similarly be inter-
acted with through an eye/head raycast and facial input to trigger
selection. Recently released devices exemplify these possibilities,
with the Apple Vision Pro for example using eye-tracking as the
primary targeting modality, whilst research has repeatedly extolled
the benefits of gaze-based interaction [66, 68].

Similarly, any roomscale VR experience that requires of the user
that they can freely navigate, shoot, and interact can trivially be
mapped to usable FAU controls. Whilst this description skips over
some of the complexities of a generalized input (e.g., games designed
for a wide variety of controls, or with a reliance on hand-tracked in-
teractions), there is nonetheless an opportunity to provide a facial
controller that emulates many of the features of handheld con-
trollers, and could provide a new level of access and control to
users with a breadth of motor impairments in particular for whom
XR usage has largely been denied.

However, there are widely-held concerns about the social accept-
ability of performing FAUs in any non-private setting, which may
hamper the utility a user can get from it, as well as hamper the
wider adoption, at least in the short-term while familiarity grows.
Per-user calibration and choice of FAUs may allow for the use of
discreet, less visible inputs for public settings, or potentially some
form of mode-switching, where one set of FAUs is preferred when
private (e.g., full set, large activation range) and another when in
public (e.g., smaller set, smaller activation range, more eye-based
FAUs etc).

8.2 Interaction Design Recommendations

Our limitations (discussed below) should be considered carefully
when interpreting and applying our formative findings. However,
it is clear that LidTightenerLR and JawDrop were both consid-
ered widely usable and low fatigue by participants and could be

“https://www.meta.com/en-gb/help/quest/articles/in-vr-experiences/oculus-
features/accessibility-features/, last accessed August 2024
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detected by the Quest Pro reliably, whilst there was a range of
secondary FAUs (CheekPuffLR, MouthLR, UpperLipRaiserLR, Lip-
SuckLT/RT, JawThrust, LipSuckLB/RB, DimplerLR) that had slightly
degraded perceived performance (more effort, less responsive, but
generally still comfortable and with good perceived performance)
and could be considered as candidates for interaction. When they
worked reliably as evidenced in Study 2, JawDrop, LidTightenerLR,
CheekPuffLR, and MouthLR provided a reasonable input vocabu-
larly.

A user with good lip muscle dexterity might find value in some of
the more varied Lip (e.g. LipSuckLR variants across top and bottom
lips) and Jaw (e.g. JawThrust, JawSidewaysLR) inputs available.
However, based on our Study 1 findings, Lip-based inputs appear
to have some notable challenges in false positive co-activations/co-
occurrence which, given the number of FAUs available here, may
limit their practical utility, or at least restrict users to employing
only a subset. Similarly, some of the more varied non-lip inputs
utilizing Cheek and Brow movements had less discernible activation
and degraded perceived performance and/or discomfort, and thus
might be less generally useful for facial input.

Regarding input mappings, JawDrop was useful both as an asy-
metrical input (meaning there was no potential interpretation of
directionality around its use) and easy to hold in the "activated"
state with low fatigue. This makes it an excellent candidate both
for discrete and continuous 1D input. Of the remaining candidate
FAUs we tested in Study 2 in particular, they all had symmetrical
pairs and implied directionality (left/right). For the AR Browser,
this introduced challenges around interpretation and mapping (e.g.
should a left activation scroll up or down?). And intriguingly the
LidTightener inputs seemed particularly appropriate for targeting
actions/selection given their implicit association with gaze. And
across the symmetrical FAUs in Study 2, prolonged continuous
usage was a problem for a number of participants, suggesting that
future research (discussed in more detail later in this section) needs
to consider how we can lessen the need to continuously hold a
facial input e.g. by using twitch-based toggles or short bursts of
interaction (e.g. a CheekPuff twitch instigating a yaw snap turn
rather than a continuous turn).

In summary, absent further evidence, for now we would recom-
mend that:

(1) FJawDrop is used for any discrete binary or continuous 1D
input.

(2) LidTightenerLR is used for any binary selection or action
that has association with gaze or head orientation-based
targeting.

(3) CheekPuffLR and MouthLR are used for short continuous
interactions, but that if interaction is going to be for a pro-
longed period their use should be minimized through toggles,
bursts etc.

(4) Where a symmetrical left/right FAU is mapped to a symmet-
rical input on another dimension (e.g. scrolling up/down in
a browser) this mapping should be user customisable.

These recommendations are formative however, and we would
expect future work to further refine them (e.g. trialling other rank
2 FAUs from study 1, examining extent of personalization required,
evaluating individual and population differences regarding what
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constitutes a viable, comfortable facial input etc.) as we move to-
wards advocating for XR facial input as a standard accessibility
option. Moreover, if applying our findings to a specific user pop-
ulation (e.g. users with chronic fatigue), we would recommend
returning to the Study 1 dataset in particular to reconsider our
scoring metric (e.g. upweighting fatigue) and consider replicating
Study 1 to benchmark with said population specifically.

8.3 Limitations

8.3.1 Headset Sensing Constraints. Whilst we used the Meta Quest
Pro for these studies, there are other headsets on the market with
FAU tracking. The HTC Vive pro has a facial tracking device, albeit
an attachable peripheral and only capable of tracking 38 blend-face
shapes on the exposed lower portion of the face [7], whilst Pico
headsets now feature comparable FAU tracking. Crucially, the mod-
els underpinning FAU detection are constantly being updated on
these platforms, for example the Quest Pro added tongue tracking
[10] after we had conducted this study. This also means that the
findings of this study need to be carefully considered relative to
potential advancements in the recognition models being used on
these devices - an FAU which featured a low and difficult-to-discern
activation state may for example have improved performance in
later iterations. However, our subjective assessment of perform-
ing FAUs would remain valid. Future work should also consider
replicating our methodology to assess additional FAUs!? and in-
deed composite FAUs/expressions, to further expand the available
facial input vocabulary. Nonetheless, the Meta Quest Pro arguably
covers the majority of FAUs that could be feasibly sensed from a
VR-integrated head-facing camera.

8.3.2  FAU Input Space and Use of Singular FAUs versus Expressions.
Our novel focus was on benchmarking and exploring the use of
singular FAUs for interaction. It would not have been feasible to
examine combinations of the 53 FAUs without a significantly ex-
panded study, but future work would be assisted here by our dataset,
for example considering which FAUs did not co-occur with a given
target FAU, as potential FAUs that might be selectively combined
by users.

Similarly, we did not look at typical gestalt expressions of e.g.
happiness, sadness, surprise etc. These have been previously ex-
plored in research (e.g. [85]), but more crucially by starting with
multi-FAU expressions this would have greatly limited our under-
standing of the potential available input space. And, by utilising
individual FAUs, it leaves gestalt/holistic expressions unused as
dedicated inputs, meaning that spontaneous emotional expression
is less likely to be inadvertently taken as input (or can be used
solely by the headset for e.g. detecting and conveying social signals
in VR). We envision that future work will need to consider how to
discern between targeted FAU interaction and false-positive activa-
tion through expression where emotive expressions are likely to
occur during interaction (e.g. when playing an immersive game).

8.3.3 Sample Size and Population. Our sample size was smaller in

Study 2 (N=13, 3 dropouts) compared to Study 1 (N=20), however

19The full FACS set has approximately 90 codes, see https://www.paulekman.com/
facial-action-coding-system/
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the focus for Study 2 was on qualitative experience of FAU inter-
action, and we nonetheless reached a point of saturation where
interviews were repeating similar obvious, notable challenges and
benefits. Whilst this means that, in broad strokes, we know the
challenges posed by using FAUs for input, further study will be
required (more participants drawn from different populations using
different tasks/applications, in different contexts such as mobile,
standing, seated etc.) to develop a broader and more nuanced pic-
ture of how FAU interaction might be integrated into everyday life
and computing more generally.

There is also the consideration of whether populations that ex-
perience some form of impairment (situational, temporary, perma-
nent) might exhibit different results, as we evaluated with people
without disclosed disabilities or reported impairments when using
XR. We can speculate that a person that is quadriplegic might see
significant merit in FAU interaction, mirroring the work of Taheri
et al. [84-86], whereas a person with muscular dystrophy might
nonetheless have difficulty with certain FAUs or prolonged FAU ac-
tivation if using impacted muscle groups. Realistically, developing
such a nuanced understanding requires extensive further research
in considering potential populations that could benefit from FAU
use, and benchmarking with them, replicating the methodology we
have laid out.

8.3.4 Duration of FAU Testing. We did not conduct a controlled
study of prolonged FAU activation. Performing the same action re-
peatedly would inevitably lead to additional discomfort and fatigue;
this is an inherent aspect of all movement-based input techniques.
It would not have been practical (in terms of experimental time) or
ethical for us to ask users to perform all FAUs repeatedly to a level
that caused fatigue or failure. However, the comfort and effort rat-
ings of FAUs we captured could be used to extrapolate which would
also be more uncomfortable/fatiguing to perform repeatedly, and
future work should consider how to replicate our benchmarking to
safely examine repeated and prolonged use of singular FAUs.

8.3.5 Left/Right Confusion. In some symmetrical FAU pairs in
Study 1, it was evident that there was some unexpected activa-
tion co-occurrence - e.g. CheekPuffL/R. Our difficulty here is that
we cannot discern whether this is a result of mirror confusion or
participant error, a valid co-occurrence (e.g. when activating the
left FAU also to a degree activated the right FAU), or indeed an
artifact of the black box Meta FAU classifier that underlies the API
we relied on (e.g. interpreting some movement of the FAU as an
errant activation value increase). However, regarding methodologi-
cal considerations, we recommend that any future replications of
Study 1 consider introducing real-time validation that the correct
FAU is being targeted by the participants. Whilst we deliberately
did not provide activation feedback so as not to bias perceptions,
in retrospect some binarized feedback could warn if a participant
was potentially activating the “wrong” side for a given trial.

8.4 Refinements and Future Research

Some of the design decisions we made were in service of demon-
strating the end-to-end potential of providing a generalized facial
input for XR. Consequently, there is significant scope for refinement
of our approach in-practice.
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8.4.1 Additional Sensed Inputs. If we consider Study 1, we exam-
ined 53 FAUs based on what the Meta Quest Pro can currently
sense. But these excluded a set of inputs for time that merit further
investigation, i.e., eye-based gestures, and tongue tracking, both
also now supported by the Quest Pro. Furthermore, if we were to
desire more FAU inputs (e.g. for more complex interactions that
get closer to completely mapping every available controller button
along), then we would need to re-examine our dataset, in particular
establishing the extent to which FAUs destructively interfere with
each other, or indeed lead to concurrent false positive activations
— an avenue of future research that would be accelerated by our
dataset and analysis.

And our paper exclusively focused on facial input to see how
far we could get with just this modality alone. But in practice
we would expect interaction designers to exploit the full range of
sensed inputs available on COTS XR hardware — from speech, to
head and eye tracking, to facial input and more - to give users
a range of options to express their intents fully. This could be
particularly important to support more complex, and more varied
control schemes that facilitate greater degrees of movement and
interaction (e.g. walk, run, sprint; strafe left/right; move backwards;
crouch).

8.4.2 Customization. We examined only one mapping of usable
FAUs to available control inputs - but our qualitative feedback was
clear that users would desire more customization/personalisation
of controls. We could imagine offering users the full range of FAU
inputs to choose from, or indeed the range of level 1/2 ranked FAUs
identified from Study 1, with guidance around their fatigue, us-
ability, and potential destructive interference. In doing do, users
could make informed decisions, trial different bindings, and ulti-
mately select FAUs most appropriate to their capabilities, facial
morphologies, and appearance (e.g. facial hair).

8.4.3 More Training Data. Regarding our classifier, 20 participants
is obviously an insufficient dataset to robustly generalise across a
population. The fact we had 2 drop-outs related to FAU use in Study
2 emphasizes that more extensive data capture is needed here -
with a more controlled capture across different facial morphologies
advisable. This is an endeavour that XR platforms, rather than
academia, would be ideally suited to, given the resources they have
available.

8.4.4 Classifier vs Thresholding. Moreover, our classifier is an un-
usual case, in that we are effectively classifying FAU activation
by the expressions associated with maximally activating an FAU,
based (presumably) on inputs provided by another black-box clas-
sifier model running on Meta devices processing the lower face
and eye tracking imagery. There is a debate as to whether more
simple heuristics such as thresholding may be good enough here.
Simpler approaches provide a promising avenue for others to fur-
ther explore this interaction modality without the need for complex
recognition models - though these may indeed be more relevant for
commercial everyday use of facial input. Moreover, with a simple
classifier we have already demonstrated numerous benefits, and
challenges, with moving towards generalised facial input for XR.

8.4.5 Preventing False Positives. Our approach does in theory, how-
ever, lend itself to creating inputs potentially robust to false positive
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activation. Consider that a generalised, viable solution would need
to prove itself robust to false positives as a result of a) affective
expressions (e.g. smiling, laughing, disgust etc), and b) speech (re-
sulting in jaw, cheek and mouth movements in particular). For the
former, we might further classify individual affective expressions
precisely to avoid false positive inputs when these expressions are
activated, rather than as they have previously been used as input.
And for the latter, we might examine what FAUs are activated given
specific vocalizations as detected by the in-built microphone, and
again attempt to negate false positives. Such advances would be
necessary to enable social XR experiences with voice communica-
tion, or indeed to support users to fully engage with immersive
affective experiences.

8.4.6 Fatigue and Health Impact Over Time. Our examination of
facial input was largely restricted to short periods of interaction.
Prolonged usage of an XR device in-the-wild, and prolonged inter-
action with said device, could pose unique problems to the usability
of specific FAUs, which could have unintended consequences. Con-
sider for example the use of JawDrop for a prolonged period of time
resulting in Temporomandibular Joint Dysfunctions (TMJ) such as a
locked jaw. Or prolonged use of CheekPuffLR or MouthLR resulting
in fatigue that impacts speech. In proposing new input modalities
(or rather new applications that could make extensive use of them),
we also risk exposing users to increased health risks, much as the
use of keyboards and mice resulted in an uptick of carpal tunnel
syndrome [88], and usage of single-display monitors resulted in
more musculoskeletal disorders of the neck and spine [53].

8.4.7 Concurrent Input. One notable limitation was that our multi-
class classifier identified a single activated FAU at-a-time - meaning
that compared to the controller there was no capacity for concurrent
input. This didn’t meaningfully impact the AR Web Browser task in
our view, but would have notable implications in terms of restricting
the freedom of expression of users in the VR game, where games
often rely on concurrent inputs (moving, targeting, shooting etc.) to
create challenging and engaging gameplay. Further research would
be needed to identify which FAUs, if any, can be concurrently
and independently controlled e.g. using multi-label classification to
drive facial actions ‘chords’. If there are few FAUs where concurrent
input can be supported, then for more complex games, concurrency
across modalities (e.g. FAU and speech, FAU and eye gaze) might
offer a viable alternative. Failing that, accommodations may need to
be made temporally e.g. slowing gameplay down to allow switching
between multiple FAU inputs.

9 Conclusion

Across two studies we have explored the use of facial action units
as an input modality for controlled extended reality interfaces and
experiences. Study 1 (N=20) assessed the range of FAUs currently
sensed by consumer XR hardware, and then narrowed this set down
to 7 FAUs perceived as the most usable by our participants. We
then trained a model to classify the currently enacted FAU, and
used this to drive two prototype XR applications: a VR Game, and
an AR Web Browser. Through a formative exploration of facial
input for XR (N=10), we finally demonstrated the viability of XR
platforms supporting facial input as a generalisable alternative to
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existing hand/controller inputs, reflecting on the potential benefits
for hands-free spatial interactions and accessibility, and the neces-
sary next steps to incorporate facial input into XR as an additional
first-class interaction modality for everyday use.
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