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ABSTRACT
Acoustic levitation displays are a novel technology that use ultra-
sound to levitate small ‘particles’ in mid-air, to create physical 3D
content. Interaction with levitated content is currently limited to
simple operations, e.g., moving a particle. In this paper, we investi-
gate the addition of pseudo-haptic effects to levitation displays, to
enrich the interaction with new sensory experiences and provide
simulated touch feedback. We describe a range of pseudo-haptic
effects and possible implementations, based on the relationship be-
tween user control and particle response. A user-study is proposed
to evaluate the potential contribution of pseudo-haptic effects when
used with acoustic levitation displays.
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1 INTRODUCTION
Acoustic levitation displays levitate small physical objects in air
using an array of ultrasound emitters, allowing content composed
from physical ‘particles’ [8]. Acoustic pressure patterns “trap” par-
ticles (typically small polystyrene beads) in precisely defined loca-
tions. Multiple traps can be created and moved precisely and inde-
pendently, by manipulating the phase signature of the ultrasound
array [23, 26]. As in Ishii’s radical atoms concept [12], these particles
can be seen as atomic elements of content to build more complex ob-
jects users can interact with (Figure 1). Alongside developments to
improve the levitation technology itself, there are many questions
about how to interact with the levitated content. Several studies
have investigated interaction techniques, e.g., for selecting [7] and
moving particles [2] and avoiding collisions during movement [28].
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Others have explored novel presentation techniques, e.g., combin-
ing static and dynamic physical materials [6, 24, 25], or using high
speed motion for persistence of vision graphics [11].

Our focus is on improving feedback during contactless ges-
ture interaction, using pseudo-haptic effects. Many studies have
shown that haptic feedback can improve interaction, from desktop
GUIs [30], to phones [4], in-car interfaces [20] and even Air Traf-
fic Control [27, 29]. Ultrasound arrays themselves can be used to
provide haptic feedback [3]. However, this is not straightforward be-
cause acoustic reflections from a hand interacting near the display
can cause instability in the levitated particles. Therefore, keeping
the hands further away from the levitation array is important. Our
novel approach is to use pseudo-haptic effects instead, “a technique
for simulating haptic sensations [...] capitalizing on the properties
of human perception, [which] uses visual feedback and verges on
sensory illusion” [21], to enrich interaction with haptic cues.

Pseudo-haptic effects rely on visuo-haptic integration [9]: by
changing the Control/Display (C/D) gain dynamically, different
haptic effects can be simulated [21]. Designers can use this type
of illusion to produce sensations that can be perceived without
producing any mechanical forces on the body. This principle has
been described for texture and friction [1, 15, 18], stickiness [22],
mass/inertia [5, 13], and stiffness [14, 16, 17]. Pseudo-haptic effects
are commonly applied to dragging operations with mouse point-
ers [5, 18, 21]. There has been no research so far looking at if, and
how, such effects can be used with levitating objects, and how they
should be designed to work with levitated particles.

Acoustic levitation displays are becoming more and more usable
for concrete applications, close to what one can imagine doing
with holograms [11]. Adding haptics capabilities to this technology
without making it more complex can enrich it significantly. Realistic
haptic feedback and effects could thus be envisaged and could
significantly improve the interaction with the levitating content.

In this paper, we present ongoing research into a variety of
pseudo-haptic effects for particle movement tasks in acoustic lev-
itation displays.Initial investigations led us to create preliminary
designs for four types of effects: Friction, Sliding, Texture, and Stick-
iness, with variations of each type. We also introduce additional
effects: Inertia to render the mass of an object and Stiffness to show
compliance or deformation. We have implemented the first four
effects in our levitation device; the next stage will be to test their
effectiveness (unfortunately our lab has been closed for a significant
time due to COVID restrictions).
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Figure 1: An example of eight polystyrene beads positioned
to form a cube in mid-air, a compound object withmany par-
ticles. Ultrasound standing waves are produced by emitters
located above and below the particles.

2 PSEUDO-HAPTIC EFFECTS FOR ACOUSTIC
LEVITATION DISPLAYS

In this section, we describe our design contributions for the pseudo-
haptic effects of Friction, Sliding, Textures and Stickiness. Implemen-
tations are given, focusing on the manipulation of C/D gain. Inertia
and Stiffness are discussed as well.

2.1 Friction
The sensation of friction is an important component while exploring
our surrounding environment and contributes to the perception
of texture. Friction is “the production of force as a result of relative
movement between two objects in contact” [10], which occurs every
time our skin is in contact with an object. Pseudo-haptic friction
illusions can improve mouse pointer interaction with screens [19]
and could potentially improve interaction with acoustic levitation
displays using similar techniques, in addition to supporting richer
interaction through perceptual illusions of texture.

When dragging an object (in our case a levitating particle) a
pseudo-haptic Friction effect would produce movement resistance,
dynamically reducing velocity and creating a discrepancy between
the amplitude of the drag gesture (longer) and the distance travelled
by the particle (smaller). The larger the discrepancy, the greater
the friction effect. It could be perceived as the particle’s velocity
becomes lower than the control gesture. This effect is produced by
reducing the C/D gain, the ratio of control to display movement.

Our first implementation (Type-1) was inspired by [19], where
users had to slide a virtual cube over a textured surface. The cube
decelerated when passing over this surface, by reducing the C/D
gain. We implemented this effect for an acoustically levitated parti-
cle in the same way, by decreasing the C/D gain when the particle
is dragged across a predefined area. Acoustic levitation displays
place constraints on particle movement speed: if movements are
too fast then particles may fall out of the display. We normally use
a C/D gain of 0.35 with our levitation display for robust rapid user
movements (although this is specific to our hardware).

Our second implementation (Type-2) is built on the same prin-
ciple, however the C/D gain value for slowing the movement is
not constant but randomised. In everyday life, when we touch a

Figure 2: A use case of a pseudo-haptic effect of Friction: the
parts in red delimit the areas in which the effect (Type-1
or 2) is enabled. The user has to guide the levitating parti-
cle (white dot) through an invisible maze. The path is not
known to the user; no visual cues are provided.

surface, the opposing force is not always constant and the finger
moves in bursts. We informally tested it during the development
process with a value for the C/D gain randomly generated between
0.1 and 0.35 (our default value) for providing the users with a more
textured friction effect, less linear than the first implementation.

To exemplify the potential added-value of a Friction effect, imag-
ine a game in which users would have to find a path within an
invisible maze by dragging a levitated particle. There is only one
path to reach the exit and no visual cue are provided to find this
path. A Friction effect could be useful to indicate the users the bor-
der of the path (Figure 2). Similar effects could provide guidance
during input tasks. This game will be considered for a user study
with the objective of finding (among Types 1 and 2) the best way
to guide the user from a point 𝐴 to a point 𝐵 during a dragging
operation over a levitating particle.

2.2 Sliding
Sliding effects are achieved in a similar way to Friction. However,
the C/D gain is increased instead of decreased within a predefined
area, as in [19]. This principle generates a positive shift in user’s
gestures speed relative to that of the levitating particle. A sliding
sensation (the opposite of friction) is then experienced. During the
development phase, we evaluated such Sliding effects and using a
C/D gain up to 0.6 over a very short distance (i.e., 1–2 cm) while
avoiding levitating particle instability. It would also appear that
beyond this value, and over a distance of approximately 2 cm at
most, a greater C/D gain is not possible with our hardware because
of a high risk levitating particles being ejected. However, these
values still need to be refined experimentally to offer users the most
convincing and stable sliding effect possible.

2.3 Texture
Friction and Sliding are first steps towards enriching levitating
particles with more complex pseudo-haptic sensations of Texture.
However, simply offsetting the C/D gain may not be sufficient
for creating a convincing experience of moving across a textured
surface. We believe that adding a spatial dimension to particle
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Figure 3: Different transfer functions for oscillating a moving particle could result in different pseudo-haptic texture sen-
sations. Sine (a), square (b), triangle (c) and sawtooth (d) wave functions are four examples, which could be combined with
corresponding change in C/D gain as the particle (white circle) moves across the “bumps” and “holes”.

movement may create a more convincing illusion of texture. This
can be achieved by manipulating the position of the levitating
particle in addition to manipulating C/D gain.

Texture has been widely studied in haptics research, since suc-
cessfully producing textures would allow haptic designers to cre-
ate virtual objects with convincing material properties. Lécuyer,
Burkhardt & Étienne [18] and Argelaguet et al. [1] have described
techniques for creating pseudo-haptic experiences of texture when
using a mouse pointer on a flat screen. Their technique manipulates
the movement of the mouse pointer, so that it looks like the pointer
is moving over a textured surface. Lécuyer, Burkhardt & Étienne
give the example of moving the pointer over “bumps and holes”:
the pointer speeds up as it falls into a hole, then slows down as
it rises out of the other side; likewise, the pointer slows down as
it moves over a bump, then speeds up as it falls off the other side.
Their results show that this technique was successful at creating
the haptic experience of moving the mouse over a textured surface.
Moreover, they obtained the same results without using a back-
ground image that would give the user visual insights on pointer
trajectory, and showed that only pointer movement and velocity
were sufficient to trigger the haptic texture illusion.

When interaction involves visual content, in our case levitated
particles, pseudo-haptic effects could be created by manipulating
the position of the levitating particle as it moves, introducing a
discrepancy with the control gesture trajectory. The movement
of a particle along a path composed of oscillating “bumps and
holes”, with corresponding variance in C/D gain, may replicate this
pseudo-haptic sensation. Different textures could be simulated by
manipulating the period and amplitude of the oscillation, and the
transfer function used to vary the particle position relative to its
trajectory. For example, Figure 3 shows four examples of transfer

functions that could potentially be used to create different textured
sensations, although these require investigation. Similarly, a noise
function will also be evaluated to see if that affects a perceived
sensation of Texture.

2.4 Stickiness
Stickiness [21] is another interesting pseudo-haptic effect. It has
previously been found useful when manipulating on-screen con-
tent with pointing devices, e.g., organising windows in a graphical
environment [22]. Our implementation of Stickiness decelerates the
user-controlled levitating particle starting from a predefined point
in the levitation space (see point 𝑑 on Figure 4–a) by manipulating
the C/D gain. This deceleration is controlled until a second point
𝑎, where the particle will start to be attracted to a third point 𝑠
(‘sticking point’). Users have no control over the particle by the
time it is attracted to this sticking point (i.e., between 𝑎 and 𝑠).

We implemented three different types of deceleration to explore
a convincing way to slow the particle and, consequently, to provide
the users with an understandable effect. Three deceleration func-
tions (linear, cubic, exponential, as shown in Figure 4–b) have been
implemented, to map particle’s 𝑥-position to C/D gain:

lin_dec(𝑥) = 1 − 𝑥 ,

cub_dec(𝑥) = 1 − 𝑥3 ,

exp_dec(𝑥) = 1
𝑒5𝑥

.

(1)

2.5 Mass, Inertia
Haptic sensations like Friction,Sliding, Texture and Stickiness are
surface properties. More complex haptic sensations, representing
the mass and physical characteristics of a virtual object, may also be
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Figure 4: (a) Stickiness effect principle. The particle (white point) starts to decelerate at point 𝑑 according to a deceleration
function (see (b)). 𝑎 is the point where the particle velocity is at its lowest and where the particle starts to be attracted towards
𝑠, which is where the particle is eventually stuck. Distances shown (𝑑 −→ 𝑎 and 𝑎 −→ 𝑠) are only visual examples and will
need to be further specified; (b) Graphs for the deceleration functions lin_dec, cub_dec and exp_dec representing linear, cubic
and exponential deceleration (respectively in green, blue and red; see Equation 1). 𝑥-axis represents the normalised value of a
particle’s 𝑥 position; 𝑦-axis represents a multiplying factor applied to the C/D gain.

possible. The Inertia pseudo-haptic effect creates the illusion of mass
for a levitated particle when it is moved, which has already been
studied for objects in VR [31]. This could potentially be achieved for
acoustic levitation displays by considering a moment of inertia for a
particle, which then takes the role of a rigid body. By manipulating
the velocity of the particle, successive positions can be computed
for a levitating particle to create a lag between a user’s gesture
and its movement path. This lag should be proportional to user’s
fingertip velocity: the ‘heavier’ the particle, the longer the lag. That
way, the particle will start moving after user’s gesture has started
and will stop after user’s gesture has ended. Our hypothesis is that
it will visually create a feeling of both slowing down and heaviness
to create the illusion of inertia.

Such a pseudo-haptic effect is interesting for acoustic levitation
displays for two main reasons. First, it is a means to enrich the
levitating content with physical characteristics, by adding a sense
of weight to these untouchable objects. Incorporating aspects like
inertia may be a good way to make interaction with levitation tech-
nology more convincing because it will provide users with physical
metaphors to help understand and predict particle behaviours dur-
ing control gestures. Secondly, mass can be seen as an additional
dimension to provide the users with information of weight. Assign-
ing mass to objects can be a way to assign importance or rank to
them, for example.

2.6 Stiffness
Stiffness can provide a sense of compliance and deformation to an
object. Compliance and deformation can be seen as the two extreme
values of a gradual ‘stiffness scale’ for rigidity. These effects are
different from the others described above in that must be applied
to an object that can be visually deformed. Since a single levitating
particle cannot be deformed, this effect requires compound objects
consisting of multiple levitating particles. Otherwise, no visual ref-
erence would be provided and a sense of deformation (consequently,
a sense of stiffness) could not be perceived.

Implementation is more complex than the other effects because
of novel parameters. The first parameter is the type of deformation,
i.e., how interaction would impact the shape of the levitating con-
tent. Depending on their nature, everyday objects react differently
to a stress that deforms them. Initially, this parameter could be sim-
plified by considering only one type of deformation (for example, a
contraction of the shape formed by several levitating particles, see
Figure 1). The second parameter is deformation factor, i.e., consid-
ering the speed of user’s gestures, the rate at which the levitating
object is impacted. The third parameter is diffusion factor, i.e., how
far does the deformation propagate in the impacted object: it is only
deformed around the point of impact, or over its entirety?

2.7 Application to Compound Objects
With the exception of Stiffness, the envisioned pseudo-haptic effects
described previously can be applied to a single levitating particle.
The outlined implementations extend previous works on 2D pointer
effects, to be applied to physical objects that levitate and move in a
3D volume. One goal of this research is to eventually apply these
effects to compound objects formed from multiple particles, such as
the cube in Figure 1. The single particle instances of Friction, Sliding,
Texture, Stickiness and Inertia could be extended to manipulate each
particle in a compound object.

Considering, as an example, the cube in Figure 1, all the pseudo-
haptic effects described in this paper would simply be applied to
each of the eight particles composing the object. For Inertia effect,
a mass can even be associated to the manipulated compound object
by simply considering a value that is proportional to the number of
particles composing it; i.e., the more particles a compound object
contains, the heavier it may be perceived. However, generalising
to compound objects should be properly investigated, because the
inherent instability of levitation is proportional to the number of
levitating particles (typically more stable when there are fewer par-
ticles). We plan to study this in future work, after first investigating
pseudo-haptic perception with a single particle.
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3 PROGRESS & TARGETED EXPERIMENTS
We have informally evaluated these effects during their develop-
ment, e.g., by exploring appropriate parameters and observing their
effects while controlling a levitating particle. This has given us ini-
tial working prototypes in our levitation device (two 16x16 arrays of
40 kHz emitters, 23 cm apart). Our next step is to formally evaluate
our implementations for further refinement. A series of short user-
studies is planned to evaluate perception and convingness of each of
the effects. Participants will interact with our prototype by directly
controlling a levitating particle using mid-air gestures in controlled
movement tasks. We will collect mixed-methods data to interrogate
the extent to which each pseudo-haptic effect is perceived.

Key parameters will be controlled to allow us to find the values
that generate the best perception of haptic feedback: C/D gain
values for Friction and Sliding, the type of signal, the amplitude
and frequency for Texture, 𝑑 −→ 𝑎 and 𝑎 −→ 𝑠 distances and the
decreasing function for Stickiness. Experimental variables for Inertia
and Stiffness effects will be defined in later work.

The outlined user study will address important aspects of pseudo-
haptic perception using these techniques, such as user’s perception
of reproduced physical behaviours. It is not yet straightforward to
distinguish between effects like friction and inertia: the beginning
of a dragging operation on an heavy object could make the user
perceive friction; however, mass should not be perceived as such.
Implementing inertia to closely replicate physical laws could be a
solution, and testing it with users could answer this design issue.
Our implementations still require refinement and our user study
can inform this.

4 CONCLUSION
This paper describes our initial design and implementation of a
range of pseudo-haptic effects for acoustic levitation displays based
on the manipulation of C/D gain and/or particle position. These
effects have been studied with other types of display, such as VR
and mouse pointer GUIs, but have not yet been tested for levitated
content in a see-through physical display medium. For each effect,
we outlined our basic design approach and our initial implementa-
tions based on informal formative evaluation. The next step in this
work is to conduct a user evaluation to investigate perception and
establish reliable parameters for evoking these perceived haptic
sensations. Pseudo-haptic effects could be beneficial for levitation
displays as they would allow user interface designers to design
richer interactions without adding more hardware or incorporating
more visible content into the display volume. These effects could
pave the way to more usable interactions with levitating content.
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