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Figure 1: An example of graviception as an embodied mediator in human-computer interaction: end users perform wrist-based
horizontal mid-air gestures in a centrifuge with normal gravity (a: 1 g), increased gravity (b: 1.5 g), and maximal gravity
simulating a space shuttle at taking off (c: 2.7 g). In the last condition, the end user, almost pressed against the wall of the

centrifuge due to the pressure, struggles to perform mid-air gestures.

Abstract

Graviception, the human sensory perception of gravity and body
orientation, plays a fundamental, yet often overlooked, role in how
individuals interact with interactive systems. Human—computer
interaction has traditionally emphasized visual, auditory, and tac-
tile modalities, while comparatively neglecting the influence of
gravity perception on embodiment, attention, motor control, and
user experience. This paper draws on the field of biomechanics
to examine how graviception can impact interaction, such as the
impact of vision and gravity on body movements, especially in
immersive, hypogravity environments, mobile contexts of use, and
accessibility. By positioning graviception as a first-class concern
in embodied interaction, we suggest actionable implications for
interaction design that consider graviceptive factors for designers
and researchers developing future graviceptive-aware interactive
systems. Each implication is described by a short statement, a de-
tailed statement, a rationale, and a series of examples illustrating
the impact of graviception on design decisions.
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1 Introduction

Human-Computer Interaction (HCI) with technology is inherently
embodied [8]. Users perceive and act through bodies [44] that are
continuously influenced by graviception (contraction of gravity

and perception) [9], the sensory capacity to perceive gravity [21]

and body orientation [15] that provides a persistent reference sys-
tem for perception and action [43]. Although we are constantly
exposed to the Earth’s gravitational force field, our human body
does not possess a sensory organ specifically dedicated to gravi-
ception. However, we receive a rich variety of cues from various
sensory modalities [2], which, when combined, allow us to ob-
tain a relatively accurate estimate of orientation [22] and value of
gravitational acceleration [29].

The vestibular system [2], located in our inner ear and responsi-
ble for our ability to maintain balance, detects linear accelerations
of the head due to the otoliths (Fig 2-a) [22,29]. However, they
cannot distinguish between a translation and a change in the orien-
tation of the head, as the physiological response is the same. This
gives rise to an ambiguity that requires the inclusion of information
from the semicircular canals, which detect head rotations. We can
also “see” gravity, since it constrains the manipulation of objects
(Fig 2-b) [18]: we deduce the orientation of gravity from their tra-
jectory. Our visual environment is full of elements that indicate
gravity [26]: the ground is horizontal to provide us with a stable
base of support, while trees and buildings are vertical to resist the
effects of gravity. When we hold an object in our hand, we activate
our muscles so that they produce enough force to compensate for
its weight via proprioception (Fig 2-c) [22]. Mechanoreceptors in
our muscles and joints feel this sensation of effort and therefore
play a role in the perception of gravity. Finally, our touch system
(Fig 2-d) [39] allows us to feel the weight of an object through the
deformation of our fingertips. These deformations are detected by
mechanoreceptors in the skin and the information is transmitted
to the brain for interpretation.

Therefore, graviception consists of multisensory integration [31]
of these four systems (Fig. 2), each having its own response time
(Fig. 3): 150 msec for the otoliths, 120 msec for the visual, 60 msec
for proprioception, and 100 msec for touch. Unfortunately, this
remains largely implicit or under-articulated in HCI research and
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Figure 2: Human perception of gravity integrates cues from four systems: vestibular cues via the otolith system (a), visual (b),
proprioceptive (c), and touch cues (d) to support spatial cognition and action. Interactive systems that ignore or conflict with
these expectations can induce discomfort and performance breakdowns, motivating graviception-aware interaction design. For
example, mid-air gestures, e.g., pointing, waving the hand, holding a cup of coffee, swiping on a smartphone, and grabbing and

pouring a bottle induce different types of cues.

design. This omission was historically reasonable: interaction was
predominantly planar, visually dominant, and used in stable pos-
tures. However, contemporary interaction increasingly involves
spatial movement [4], bodily orientation [15], and immersion in
isolated, confined, extreme environments [42], such as under wa-
ter [30]. Virtual and augmented reality [9,19], mobile and wear-
able devices [4,19], mid-air gestures [17,38], and teleoperation sys-
tems [24] all require users to interpret spatial information while
moving through gravity-bound environments [21]. Prior work in
neuroscience demonstrates that gravity perception shapes spatial
cognition, motor planning, and perceptual stability [2,22]. In HCI,
sensory conflict has been linked to motion sickness [10,23,32,40],
disorientation [6], and degraded task performance [19]. Yet, grav-
iception itself is rarely treated as an explicit design dimension,
despite that HCI is future-oriented by nature [36].

To address that gap, our research question is: How does grav-
iception impact human-computer interaction? How should we
account for it? To this end, we contribute (1) a synthesis of some
graviception research findings relevant to HCI but found in other
fields, mainly biomechanical engineering and an analysis of how
graviceptive factors manifest in interactive systems (Section 2), and
(2) some actionable implications for designing graviception-aware
interaction to be further discussed (Section 3).
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Figure 3: Model of the human graviception: response times
from various systems [20].

2 Related Work and Background

Background. Graviception refers to the perception of gravity’s di-
rection and magnitude [5], distinct from proprioception [22] (limb
position sense) and interoception [12] (internal bodily states) by
connecting four systems:

(1) The vestibular system: this organ, which is located in the bony
labyrinth of the inner ear, comprises two components [2],
i.e., the otoliths, which perceive linear acceleration and head
tilt relative to gravity [31], and the semicircular canals, which
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perceive angular acceleration by responding to rotational
acceleration [29].

(2) The visual system: verticality and horizon lines contribute to
perceiving up/down orientation [26].

(3) The proprioceptive system: our innate sense of position, move-
ment, and effort in space, allow us to move, balance, and
coordinate our movements.

(4) The somatosensory input: pressure on the feet, body support
surfaces, and muscle tensions inform orientation.

Graviception influences spatial judgments, motor control, and
perceptual stability: spatial orientation is influenced by body pos-
ture and gravitational cues [18], motor planning depends on pre-
dictive internal models of gravity [14]. When signals coming from
these four systems conflict, performance and comfort degrade. As
long as the signals from the four systems of graviception con-
verge [33], motor and cognitive controls function normally [24].
However, as soon as signals from one of these systems are no longer
consistent with those received by the other systems, these controls
can be significantly disrupted. The most telling example is that of a
virtual reality user moving in a mobile context: if physical move-
ment in the mobile context goes in one direction while movement in
virtual reality goes in another direction, the visual system produces
signals that are inconsistent with those produced by propriocep-
tion. This causes a disruption that degrades user performance [33],
reduces spatial accuracy [5], increases error rates [3], and induces
cybersickness [23]. These negative effects suggest that graviception
acts as an impactful constraint on interaction.

Graviception offers an emerging approach to HCI by leverag-
ing the four subsystems for novel interface design, which we refer
to as graviception-aware HCI design or graviceptive HCI de-
sign. Some studies already explored how graviception can be inte-
grated into HCI, but very anecdotically or partially. Mittelstaedt[28]
demonstrated that human trunk graviceptors impact body posture
perception. Hemmert et al.[16] developed weight-shifting mobile
phones that dynamically alter gravitational properties, suggesting
three potential application domains: augmenting digital content,
creating ambient displays, and enhancing wayfinding. Fallman[11]
exaggerated tilt interaction beyond metaphorical representations,
instead grounding interface design in physical world interactions.
Lefebvre et al.[24] show that vestibular and somatosensory signals
impact the spatial perception and motor planning/control: the tilts
of an observer’s body and those of an object perceived in virtual
reality, and the directions of body rotation and manual movements,
on visual perception and object orientation control are impacted.

While the research is still nascent, these studies indicate gravicep-
tion’s potential to create more embodied, intuitive HCI by directly
incorporating gravitational sensing and movement. Graviception-
aware HCI is particularly appropriate in emerging interfaces such
as Virtual Reality (VR), Augmented Reality (AR), haptic interac-
tion [27], mobile computing, accessibility [35] and teleoperation [9,
34], which all place end users in dynamic spatial contexts of use.
These systems frequently decouple signals from various systems,
such as visual cues from vestibular signals [1], thereby amplifying
graviceptive conflict. Graviception can impact several interaction
modalities, such as:

Vanderdonckt et al.

e Interaction in Extended Reality: Users in virtual environments
(e.g., VR and AR) often report disorientation when virtual
gravity does not align with vestibular cues, leading to motion
sickness [40] and reduced immersion. Tasks requiring precise
vertical judgments (e.g., stacking objects) suffer when visual
gravity cues conflict with body orientation.

o Mobile interaction: Tilting a smartphone alters the relation-
ship between gravity and UI elements. Users sometimes mis-
interpret tilt-based actions when gravitational feedback con-
tradicts visual feedback.

e Haptic interaction: Devices mounted on the body influence
perceived force feedback depending on body orientation,
which impacts movement control. The lack of graviceptive
cues may reduce haptic realism. Similarly, haptic devices ma-
nipulated in extreme conditions can be impact by distorted
movement control [27].

o Gestural interaction: Mid-air gestures are particularly ex-
posed to gravity. Figure 1 shows an experimental setup where
horizontal wrist-based mid-air gestures are particularly im-
pacted by the rotational speed of a centrifuge. In the last
condition simulating a spatial vehicle at taking off, the vision
and the gravity induced by the rotational speed significantly
impact the arm capability to produce gestures.

In sum, while there are some preliminary investigations, the
intersection considered between graviception and HCI in under-
articulated. On the one hand, there are some references about how
graviception in humans is influenced by organs in the trunk, not by
mechanoreceptors in legs or skin, but without any direct relation
to HCI discussed. On the other hand, there are some references
exploring HCI using human body movements as input, finding
more flexible and naturalistic interfaces, but do not specifically
address graviception. There are indeed studies on interaction that
consider factors specific to graviception, even if they do not use
this terminology.

3 Implications for Graviception-Aware HCI

We propose actionable implications to integrate graviceptive con-
siderations into design, prototyping, and evaluation of interaction,
whether for a system, a study, or a design method. To derive these
implications, graviception, as considered in biomechanical engi-
neering and neuroscience, is conceptually extrapolated into HCI
design decisions. Before that, we acknowledge that graviception
impacts several HCI aspects:

e Spatial cognition: estimates of distance, orientation, and ob-
ject placement change with body posture and gravity [18].

e Motor control: reaching, pointing, and locomotion depend
on predicting how gravity will affect movement [14].

o Attention and perception: visual processing prioritizes stable
environmental frames; gravity congruence aids interpreta-
tion of motion and object behaviour [31].

o Cognitive load: in environments where sensory cues conflict
(e.g., in microgravity [7], VR [40]), users experience cogni-
tive load, motion sickness, or degraded performance due to
mismatched graviceptive expectations.
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Figure 4: An example of a graviceptive-aware setup: a user manipulating an object in a swivel chair in normal position (a),
upside-down position (b). A reference system perpendicular to gravity (d) is used instead of a parallel one (c).

#1Invent and use graviceptive-aware experimental setups.
To explicitly take into account factors related to graviception,
the experimental setup must be specifically tailored for this
purpose by capturing metrics impacted by graviception. Ra-
tionale: a graviceptive-aware setup should be able to detect
and interpret metrics such as orientation and gravitational cues,
acceleration vectors, tilt angles, and orientation changes relative
to the gravity field. Recording these metrics allows to distin-
guish gravity-induced signals from other forces or movements,
ensuring that observed interaction can be accurately attributed
to gravitational perception rather than external factors.

Examples. A user sitting in a chair attached to the ceiling with a
flexible and controllable spring that modulates the effect of gravity
by simulating Earth acceleration (g~9.81m/s?), Moon acceleration
(g~1.62m/s?), and Mars acceleration (g~3.71m/s?), captures ver-
tical jumps through inertial sensors such as accelerometers and
gyroscopes (Fig. 4). Mid-air gestures of users are captured by a
Kinemic wrist-based sensor depending on the circular acceleration
of a centrifuge (i.e., 1g for normal gravity, 1.5¢g for increased grav-
ity, and 2.7¢ to simulate gravity at taking off of a rocket - Fig. 1).
Orientation-aware displays are adapted depending on the angle of
a swivel chair (Fig. 4). Impact on HCI. Using graviceptive-aware
experimental setups impact HCI design decisions by revealing how
gravity and body orientation influence perception, movement, and
interaction. When designers understand how users respond differ-
ently while standing, sitting, tilting, or moving, they can create
interfaces that adapt to these conditions, such as how vision and

gravity influence body movements and how body orientation im-
pacts movement control. This leads to interaction techniques that
feel more natural, reduce physical and cognitive strain, and remain
robust across various contexts of use. Overall, graviceptive aware-
ness encourages designs that align more closely with embodied
human experience rather than assuming a fixed, gravity-neutral
user posture, which is further addressed in the next implication.

#3 Align virtual gravity with contextual requirements. To
ensure gravity congruence, especially in immersive environ-
ments, the virtual gravity should be aligned with real gravity
unless purposefully altered for effect. Rationale: visual cues,
such as consistent lighting and horizon lines, strengthen gravi-
ception for dynamic feedback; when objects move in a VR scene,
that is itself moving, a realistic acceleration/deceleration should
be simulated to support intuitive interaction and to avoid visual
inconsistency.

Examples. In VR object manipulation [14] or target selection [45],
physics engines should simulate weight and inertia faithfully to
avoid floating objects without explanation. Fig. 5 illustrates a spring
chair attached to the ceiling that accommodates high jumps by simu-
lating inertia to identify new locomotion patterns, while navigating
in a VR scene representing a Mars walk [41]. Impact on HCI. By
ensuring this alignment, designers can better grasp how end users
interpret space, motion, and causality within a UL When virtual
gravity matches the context of use, such as mimicking real-world
gravity for training (Fig. 1-a) or deliberately altering it for explo-
ration (Fig. 5), interactions are expected to become more learnable
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and meaningful. Designers must therefore decide whether to rein-
force users’ real-world expectations (e.g., by supporting realism and
concordance with real-world) or to intentionally diverge from them
(e.g., to explore novel interaction techniques or to better shape exist-
ing ones). This alignment affects choices around object behaviour,
navigation methods, feedback timing, and user orientation.

#1 Use graviceptive cues to preserve spatial orientation.
Visual vertical cues, such as horizons, vertical axes, and land-
marks should be provided to reinforce gravitational direction.
Rationale: the posture awareness should be preserved by de-
tecting the current user’s posture (e.g., standing, sitting, tilted)
and by adjusting interface feedback accordingly (e.g., reorient
HUD elements when walking on the Moon [4]).

Examples. Spatial orientation for users in a centrifuge (Fig. 1) can
be preserved by providing consistent sensory cues that help the
brain interpret motion and direction correctly: a visible floor, a
constant ceiling, and fixed horizon lines aligned with the direction
of artificial gravity (Fig. 1-b), allow the visual system to anchor the
body’s orientation. Gradual spin-up and spin-down rates reduce
conflicting signals between the inner ear and visual input. Together,
synchronized visual, vestibular, and physical cues help the brain
adapt and maintain a coherent spatial frame of reference while in-
side the rotating environment. Orientation-responsive displays [13],
which are user interfaces and display systems that dynamically
adjust their content or functionality based on their physical orien-
tation and spatial relationship to the user and environment, such
as based on head orientation [15].

Impact on HCI. Using graviceptive cues has a strong impact on
UI design, particularly during prototyping and evaluation. Incor-
porating gravity-aligned cues helps users maintain a stable sense
of “up,” “down,” and spatial continuity. During prototyping, this
encourages designers to test interactions across different body pos-
tures and device orientations, revealing breakdowns in orientation
that might otherwise go unnoticed. In evaluation, graviceptive cues
become measurable factors affecting usability, error rates, and user
comfort, that would be otherwise left unconsidered. Designing with
graviceptive cues leads to Uls that reduce disorientation, lower cog-
nitive load, and better support users’ embodied [8] understanding
of space.

#1 Minimize graviceptive conflict. To ensure sensory con-
sistency, situations where visual, inertial, and vestibular cues
about movement and orientation conflict should be avoided. Ra-
tionale: smooth transitions should be always established: when
changing environments (e.g., switching scenes in VR), fade or
guide transitions to allow users’ gravity expectations to update.

Examples. In VR locomotion, physical treadmills or subtle physical
motion cues could be combined with visual movement to reduce
sensory mismatch and ensure sensorimotor coherence [1,21]. User
interface elements, such as those of a head-up display [4], should
be oriented so that “down” on the display always aligns with the
artificial gravity direction felt by the user’s body, toward their feet,
not the real gravity. The horizon line, progress bars, and direc-
tional arrows remain fixed relative to this perceived down direction.
Animated transitions could ensure a transition between the real
gravity and the artificial one, provided that they are kept smooth

Vanderdonckt et al.

and slow, avoiding sudden rotations or flips that would perturb
vestibular and proprioceptive cues. Impact on HCI. Minimizing
graviceptive conflict guides designers to align visual, motion, and
interaction cues with users’ gravitational expectations to prevent
disorientation and discomfort. This results in UIs that are more
comfortable, interpretable, and reliable, particularly in immersive
or motion-intensive contexts.

#3 Explicitly include graviceptive factors during evalua-
tion. Incorporate tasks that assess orientation perception and
motor control under different gravity-related conditions. Ratio-
nale: such factors could include physiological measures, ques-
tionnaires, motion sickness scales, and postural sway analysis
to identify issues related to graviceptive conflict.

Examples. During usability evaluation of immersive systems, ex-
plicitly ask participants about perceived realism of weight and
spatial orientation. While no widely accepted stand-alone question-
naire exists to evaluate graviceptive-aware factors, several ques-
tionnaires assess related aspects, such as gravitational imprint [43],
cybersickness [6]. Graviception measures could include the Sub-
Jjective Visual Vertical (where participants align a line to what they
perceive as vertical) and the Subjective Postural Vertical (where
participants judge body orientation relative to gravity). Fig. 4-a
shows that a participant manipulating an object while lying down
(Fig. 4-b) can be analyzed with a reference system whose sagittal
and longitudinal axes are reoriented according to their position
rather than according to actual gravity (Fig. 4-c,d). This reference
system could enrich user studies (e.g., [4,14,15,26]) as well as their
design methods (e.g., [21,22]).

Impact on HCI. Traditional evaluation metrics, such as task
completion time, error rate, and subjective satisfaction, may look
acceptable under stable conditions but degrade significantly when
users are tilted, moving, or immersed in 3D environments. Including
graviceptive-sensitive factors should identify unexpected usabil-
ity errors, reasons for increased cognitive load, and early signs
of discomfort or motion conflict. Quantitative factors could esti-
mate spatial orientation stability through deviation from intended
movement paths, frequency of unintended rotations or drift, and
reorientation time after tilt or motion. Qualitative factors could
incorporate new items in user experience questionnaires related
to perceived stability and groundedness, feeling of instability, and
sense of embodiment.

#3 Support accessibility and variability in graviception.
Sensitivity to graviceptive conflict varies widely across users
and should be explicitly addressed. Rationale: the individual
differences of users in vestibular sensitivity should be consid-
ered to preserve accessibility [45], e.g., by providing options to
adjust motion intensity, gravity simulation, and visual motion
cues. For users with vestibular disorders, alternative feedback
channels (e.g., enhanced visual cues or haptic feedback) should
be considered to support spatial tasks.

Examples. Include settings to reduce motion animations and tilt-
based interactions for users prone to discomfort. Consider a balance
between internal validity and ecological validity by introducing
three levels of fidelity to perceiving graviception: low fidelity (e.g.,
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Figure 5: An example of a graviceptive-aware design: a user sitting in a spring chair attached to the ceiling navigating in virtual
reality under normal conditions (a), with low-gravity simulation (b), and walking back (c).

by operating in a swimming pool), medium fidelity (e.g., by operat-
ing during a parabolic flight), and high fidelity (e.g., by operating in
a spatial station). WALKINGVIBE [32] minimizes cybersickness while
optimizing realism in VR walking. Systems could also be enriched
by considering these aspects. GUNSLINGER [25] enables users to
control large displays with hand gestures in an arms-down, vertical
posture, which could be impacted by graviception depending on the
user and the context of use. Gesture recognizers [38] should become
also graviception-aware: users interacting with horizontal gestures
in the centrifuge (Fig. 1-b and Fig. 1-c) can be significantly impacted
by the circular acceleration on their arm and the corresponding
gesture recognizer (e.g., [7]) should be adapted accordingly. Im-
pact on HCI. Graviceptive-aware user interface design improves
accessibility by accommodating users with impaired balance, pro-
prioception, or mobility, ensuring interactions remain stable and
interpretable across different postures and orientations. Regarding
rehabilitation, it supports safer, more effective therapy by aligning
Ul feedback with patients’ perception, enabling gradual retraining
of balance, spatial awareness, and motor control. Understanding
the impact of graviception on accessibility should make it possible
to improve these Uls not only for people with disabilities, but also
to mitigate potential problems for able-bodied people.

# Incorporate wearable haptics for graviceptive naviga-
tion. Directional haptic feedback should be calibrated relative
to the user’s upright orientation, not merely device coordinates.
Rationale: Wearables providing directional haptic cues should
align vibration patterns with gravitational reference frames.

Examples. Tactile belts that guide users relative to true north
should calibrate considering the user’s upright posture. EXoSKIN [37]
is a morphing haptic feedback that augments spacesuit gloves by
controlling the transfer of haptic information from external touch
to internal touch. Impact on HCI. This UI design should con-
vey gravity-aligned cues, such as directional vibration or pressure
gradients, to support navigation without relying solely on visual
information. These haptic signals should be consistent, low-latency,
and adaptable to user posture and movement so that graviceptive
guidance remains consistent across changing contexts of use [38].

4 Conclusion

Graviception shapes how users perceive and work with interac-
tive systems. Recognizing graviception as a relevant modality, in-
tegrating four systems, in HCI bridges a gap between embodied
human capabilities and interaction design. As interfaces become
more spatial and immersive, ignoring gravity’s influence can inad-
vertently increase cognitive load, frustration, and exclusion. Con-
versely, intentionally leveraging graviceptive cues can enhance
intuitiveness, presence, and performance. We coined and defined
the term "graviception-aware HCI design" to reflect this considera-
tion. To substantiate its application, we suggest some implications,
each being expressed with a short sentence, a long statement, a
rationale behind it, and some examples. We also discussed how
graviception-aware HCI can be incorporated into studies, design
methods, and systems. While this work is primarily conceptual
and in its infancy, it establishes a foundation for future empirical
validation of graviception-aware HCI. Challenges remain: accu-
rately measuring graviceptive integration in real time, individual
differences complicate accessibility design. However, incorporating
graviceptive considerations need not be technically prohibitive.
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