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ABSTRACT
Ultrasound haptic patterns can be rendered by continuously mov-
ing an ultrasonic focal point. It is not known how this focal point
motion affects haptic perception. We present two psychophysical
experiments investigating the perception of an ultrasound haptic
focal point moving along a circular path. Our first experiment finds
that a sensation of motion is perceived at speeds up to 17 rev s–1,
similar to the ‘flutter’ sensation. Our second experiment found a
linear relationship between movement speed and perceived inten-
sity up to this speed. Our findings give new insight into ultrasound
haptic perception and give designers empirical evidence to inform
contactless haptic feedback design.
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1 INTRODUCTION
Ultrasound haptic devices create tactile feedback in mid-air, without
the need for users to wear or touch a physical device. Early versions
of this technology could produce a single ultrasonic focal point in
a fixed position above the device [22]; state of the art devices are
now capable of positioning and moving points in 3D [19], can
create multiple focal points [5, 29], provide auditory effects [8, 18],
and can create complex patterns with high spatial and temporal
resolution [9, 12, 17, 32, 36, 37].

Ultrasonic focal points impart pressure against the skin, although
this is insufficient for clear perception. In early work, amplitude was
modulated to enhance perception by stimulating rapidly-adapting
touch receptors [22], typically at 200±50Hz (although can be per-
ceived at least as low as 16Hz [31]). Recent research has modulated
the position of focal points instead, a method called lateral modula-
tion [35, 37] and spatiotemporal modulation [12]. For example, this
can be used to create a haptic circle pattern by moving a focal point
along a circular trajectory (Figure 1). This allows amplitude to be
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Figure 1: Mid-air haptic patterns can be created by rapidly
moving ultrasonic focal points, e.g., along a circular path.

maintained without modulation, leading to more intense feedback
than amplitude modulated patterns [12, 37].

A novel characteristic of spatiotemporal modulation is that it
stimulates touch receptors through continuous rapid movement.
Focal points are typically moved at high speeds, with the highest
intensity for circular patterns occurring around 7m s–1 [12]. At
such speeds, the motion itself is imperceptible; instead, users feel
a contiguous pattern against their hand. It is not known how well
focal point movement itself is perceived at lower speeds.

In this paper, we describe two experiments investigating the
perceived sensation of motion from ultrasound haptic patterns.
We focus on circular trajectories, because they are continuous and
have no overlapping points or gaps. They are also widely used in
ultrasound haptic interfaces [32]. Our first experiment investigates
the effect of focal point movement on perception of ‘motion’. Our
second experiment investigates the relation between render fre-
quency and perceived magnitude, below the threshold for perceived
motion. Our results from these robust psychophysical studies give
data that will help designers make empirically supported decisions
about how to use spatiotemporal modulation to create (or avoid)
the sensation of movement in ultrasound haptic designs.

2 BACKGROUND
Ultrasound haptic devices create mid-air haptic feedback through
focused ultrasound, without the need to physically touch a device.
This novel feedback modality was pioneered over a decade ago [22]
and has advanced significantly since. For a more thorough discus-
sion, we recommend a recent survey by Rakkolainen et al. [32].

A recent advance in this area was the adoption of spatiotemporal
modulation, a rendering method where focal points are rapidly and
continuously moved, enhancing perception over the presentation
of stationary focal points [12, 37]. This allowed more sophisticated
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tactile sensations, enhancing use of this feedback modality. A small
body of research has investigated the perception of patterns ren-
dered this way, which our contribution expands.

Takahashi et al. [35–37] investigated the perception of haptic
patterns rendered using rapidly moving focal points (a method
they called lateral modulation). Their results show that this leads
to stronger feedback than simple amplitude modulation. Frier et
al. [12] also found that moving focal points create stronger feedback.
They investigated the perception of circles created by a rapidly mov-
ing focal point, finding a relationship between circle size, movement
speed, and perceived intensity. Rutten et al. [33] investigated the
just-noticeable difference (JND) for output intensity and focal point
velocity when rendering haptic patterns. They found JNDs of 12.1%
and 0.51 rev s–1, respectively. Ablart et al. [1] investigated percep-
tion of intensity, roughness, regularity and roundness, finding that
the extent of each sensation varied with render frequency.

Circles are ideal for spatial modulation due to their uniform shape
and lack of edge crossings or ‘corners’. Other polygons like triangles
and squares aremore difficult to perceive. Hajas et al. [17] developed
a more nuanced rendering method where a moving focal point will
pause before changing direction. This was intended to emphasise
the edges that make up a polygon and their orientation relative to
each other, which was found to improve shape perception.

These works give insight into how patterns rendered by moving
focal points are perceived. In this paper we contribute experiments
that investigate the sensations of ‘motion’ that arise from this.
Movement speed (or render frequency) is a key design parameter
in a spatiotemporal modulated pattern, so a better understanding
of this can inform the design of contactless haptic feedback.

3 EXPERIMENT 1: SENSATION OF MOTION
In this experiment, we take a first look at the perception of focal
point motion. This is of interest because motion speed is a core
parameter of spatiotemporal patterns. Studies by Frier et al. [12]
and Takahashi et al. [36] have included ‘slow’ focal point velocities
which may evoke a sense of motion, but not with the level of gran-
ularity necessary to understand how this is perceived. We address
this gap in perceptual understanding by addressing the following
research question: what is the relationship between rendering speed
and the perceived sensation of motion? We investigate if users can
perceive the sensation of motion and identify the range of speeds
where motion is consistently perceived.

We investigated the movement of a single focal point along a
circular trajectory, because circles are continuous paths and have no
overlapping points. They have also been used in several ultrasound
haptic interfaces for many purposes; e.g., spherical objects [21, 25,
29, 30] or gesture feedback [10, 15, 34]. Our results can inform
similar designs with empirical recommendations for creating (or
avoiding) the sense of motion in spatiotemporal modulated patterns.

3.1 Design
We used an adaptive yes/no staircase procedure to vary focal point
motion speed and estimate an upper bound for threshold motion
speed: i.e., the maximum speed where motion can be perceived.
These procedures are used to estimate perceptual threshold values
by ‘narrowing in’ on the threshold, using participant responses

(yes/no) to adapt the presented stimuli. After a certain number
of reversals on either side of the threshold, the staircase is termi-
nated and a threshold can be estimated. The estimation is typically
taken as the average of the most recent n reversals. See work by
García-Pérez [14] and Leek [28] for more information on adaptive
psychometric procedures. We estimate the upper bound only; a
pilot study found people stopped perceiving sensations entirely as
the speed reduced, making a lower bound difficult to estimate.

We used a within-subjects design with four circle diameters: 4,
5, 6, 7 cm. We varied diameter to see if pattern size had an effect on
perceived motion. Participants completed two blocks of three trials
for each circle size. The order of the eight blocks was balanced using
a Latin square design and there was a 15 second break between each
task. After each block, we asked participants to describe the stimuli
they just experienced. We presented trials in this manner to reduce
habituation to stimuli. Participants wore headphones playing white
noise to mask any audible hardware sounds.

For each trial, we continuously presented a circular pattern to the
dominant hand, centred on the palm. Hands were held in place by a
wrist rest, 15 cm above an Ultraleap UHEV1 device. The wrist rest
was used to reduce fatigue and ensure the hand was in the correct
position and orientation for the stimuli. We used the Ultraleap
research SDK to implement this experiment. We used the maximum
16 kHz sample rate of the device; varying the hardware refresh rate
was out of the scope of this study, but should be investigated in
future work to see if this affects perception of motion (e.g., [13]).

The movement speed of the focal point was varied using the
staircase protocol, based on participant responses during the trial.
The starting movement speed was 150 cm s–1. During each trial, we
asked if participants felt a sensation of movement on their palm. If
the answer was yes, we increased the speed by 18.24 cm s–1. If the
answer was no, we decreased the speed by 20.94 cm s–1. The step
sizes conformed to the recommended 0.871 ratio [14]. The starting
value and step sizes were chosen after pilot tests.

Our procedure was based on a protocol by García-Pérez [14]. We
used a 1-down/1-up staircase with six reversals; after six reversals,
the staircase was terminated. The threshold was estimated using
the movement speeds recorded at staircase reversals; the first two
reversals were discarded, and the threshold estimate was the mean
of the final four. For this version of the 1-down/1-up protocol,
the estimated threshold is the 52.4% point on the psychometric
function [14] (i.e., where perception was better than chance).

We recruited 14 participants (8 male, 6 female) who had never
experienced ultrasound haptic feedback before. Their mean age
was 28.8 years (sd 5.5). All were right handed. We used novice
participants so that prior experience did not influence expectations.
Participants were not told what the haptic stimuli were (i.e., circles).

3.2 Results
Our experiment data (see [11]) was used to calculate bootstrapped
95% CIs for the threshold values for each circle diameter, using the
R boot package [4]. Figure 2 shows the mean threshold values with
95% CIs, measured in revolutions per second (i.e., how often the
circle trajectory is traversed each second). While our experiment
modelled movement speeds in cm s–1, we report results in terms of
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Figure 2: Mean threshold frequency with 95% CIs.

render frequency (in revolutions per second: rev s–1) as we found
this to be consistent across circle size.

The threshold render frequency was 17 rev s–1 (95% CIs: [16.4,
17.7] rev s–1), as shown in Figure 2. This is an estimate of the 52.4%
point on the psychometric function [14]. At frequencies below this,
users were more likely than chance to perceive movement on their
palm, arising from the changing focal point position.

3.3 Discussion
We found that focal point frequencies up to 17 rev s–1 [16.4, 17.7]
can produce a perceptible sensation of movement on the palm,
for circular patterns. The perceptual mechanisms responsible for
spatiotemporal modulated patterns are not well understood yet, but
this threshold provides insight into how these may be perceived.

Meissner corpuscles are rapidly-adapting touch receptors found
on the palm. They are sensitive to low frequency vibrations from
1–50Hz [24] and lateral motion [24]. Focal point movement below
17 rev s–1 threshold will likely stimulate Meissner corpuscles, since
each point in the trajectory is stimulated up to 17 times per second.
Pacinian corpuscles are another rapidly-adapting receptor, most
sensitive to vibrations from 30–500Hz [24]. These will also be stim-
ulated by focal point motion, but are less sensitive than Meissner
corpuscles at stimulation frequencies below 30Hz [3, 24].

A plausible explanation for the observed threshold was that it
was a motion speed where Meissner corpuscles can perceive motion
across the skin but Pacinian corpuscles are not strongly activated.
Recent research suggests that separate somatosensory signals from
Meissner and Pacinian corpuscles are integrated by the central
nervous system, contributing to a combined percept of a single
tactile event [27]. As the focal point motion speed increases beyond
the threshold, the integrated signal becomes biased towards the
stronger Pacinian corpuscle signal, leading to a reduced sensation
of motion and increased sensation of vibration. Another way of
looking at the threshold is as the point where the motion-sensitive
receptors start to get overwhelmed by vibration-sensitive receptors.

The words used by participants to describe the haptic sensa-
tions were similar to “flutter”, the term used in the literature to
characterise the motion-like sensations perceived by Meissner cor-
puscles [2, 6]. Similar language was also reported in Obrist’s study,
where they used amplitude modulation to stimulate touch receptors
with a static focal point at 16Hz [31]. The sensations experienced
by participants here likely corresponds to the flutter sensation.

Our results should generalise to other shapes rendered using
spatiotemporal modulation. Complex polygons with changes in
direction (e.g., at the corners of a rectangle) may stimulate certain
areas of the palm for longer than others, leading to inconsistent
stimulation along the trajectory. However, this variance will be
subtle for most shapes, falling within the confidence intervals of our
estimated threshold. More nuanced rendering methods for complex
polygons (e.g., dynamic tactile pointers [17]) will require more
investigation, to see how deliberately paused focal point movement
impacts sensations of movement.

4 EXPERIMENT 2: PERCEIVED MAGNITUDE
In Experiment 1 we identified the threshold frequency for perceiv-
ing the sensation of motion in a dynamic circle pattern. Prior work
suggests the perceived intensity also depends on frequency [1, 12].
The aim of our second experiment was therefore to investigate the
relationship between perceived intensity and rendering frequency,
below the 17 rev s–1 threshold. We address the following research
question: what is the relationship between rendering speed and
perceived intensity below this threshold? Answering this provides
more insight into how these patterns are perceived and will help de-
signers make an informed choice about how to convey a sensation
that balances quality of motion with perceived intensity.

A study by Frier et al. [12] found that circles were strongest
when rendered at 33–160 rev s–1. Their study focused on higher
frequencies, with only one data point below our threshold (13.3
rev s–1 for a 4.77 cm circle). Our second experiment focuses on
a much lower frequency range, with more granularity up to the
motion threshold. Together, our results will give a better overall pic-
ture of the relationship between focal point movement (specifically
rendering frequency) and perceived intensity.

4.1 Design
We used a magnitude estimation procedure, where participants
make numerical judgements of perceived magnitude of stimuli.
These procedures are used to understand the relative intensity of
stimuli; in this case, the intensity of spatiotemporal modulated
circles. See work by Jones and Tan for more information about
magnitude estimation and its applicability to haptics research [23].

We used a within-subjects design with two circle sizes: 4 and
6 cm diameter. We chose this subset of circles from Experiment 1
to see if the perceived magnitude of the feedback varied with circle
size. The experiment stimuli consisted of circles rendered at {5, 7, 9,
11, 13, 15, 17, 19} rev s–1. These eight levels were chosen because
they give good coverage of the perceptible frequency range up to
the 17 rev s–1 threshold identified in Experiment 1, with one value
above the threshold. The slowest was 5 rev s–1, because our pilot
tests found this was the slowest frequency at which participants
could reliably feel stimuli. Each stimuli was presented three times,
giving 48 total (2 circle diameters, 8 frequencies, 3 repetitions).
These were presented in a random order, with a two minute break
enforced after every eight trials.

For each trial, we continuously presented one stimulus for five
seconds to the palm of the participant’s dominant hand. The circle
was centred on the palm. Hands were placed on a wrist rest 15 cm
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Figure 3: Mean magnitude estimates with 95% CIs.

above an Ultraleap UHEV1 device. After the stimulus stopped, par-
ticipants were asked if they felt anything. If they answered no, the
next trial started. If they answered yes, they were asked to make a
numerical judgement of the magnitude of the stimuli. They were
instructed to use a numerical scale of their own choosing and were
not given any reference stimuli. This is common to avoid biasing
responses [23]. The next trial started when the participant was
ready, no sooner than ten seconds after the previous.

We recruited 14 participants (7 male, 7 female, mean age 28 years,
sd 6.9 years) who had never experienced ultrasound haptics before
and did not take part in Experiment 1. All were right handed. We
recruited people with no prior exposure to this technology so that
prior experience did not bias expectations or provide a point for
comparison. Participants were not told what the stimuli were.

4.2 Results
Participants chose their own rating scales to estimate magnitude.
We normalised the estimates from each participant by dividing them
by the mean of that individual’s responses [23], mapping to a range
of 0 to 1 for every participant. If a participant reported that they
did not feel anything for a given stimulus, we assigned a rating of 0.
We calculated the geometric mean, rather than arithmetic mean, for
the estimates, as recommended [23]. We used the same procedure
as Experiment 1 to generate 95% CIs for the data (see [11]).

Magnitude estimates and 95% CIs are shown in Figure 3. The
mean intensity ratings for 4 cm and 6 cm circles were 0.42 and 0.66,
respectively. Estimates were significantly higher for the 6 cm circle:
t(195) = 20.5, p < .001. There were 10 undetected stimuli, reported
by six participants; all of these were for the 4 cm circle at 5 rev s–1.
One participant did not perceive any of the trials for that condition.

4.3 Discussion
Perceived magnitude increased as frequency increased, for both
patterns. This is consistent with Frier’s results [12], where intensity
estimates increased towards a peak at 43–130 rev s–1 (depending on
diameter). If sensation of motion on the palm is desired, we suggest
rendering circles with as high a frequency as possible, up to 17
rev s–1. If sensation of motion is not desired (i.e., if a contiguous
pattern is desired), we suggest using Frier’s results [12] to identify
a faster frequency that maximises intensity at the required size.

Our results show that perceived magnitude was greater for the
larger circle size. Frier et al. [12] reported a similar finding for

smaller circles (1.59–4.77 cm) at higher frequencies. They hypoth-
esised that spatial summation was responsible for this finding;
meaning larger circles stimulated a greater area of the hand, lead-
ing to a more intense tactile sensation. This could explain why the
magnitude estimates were higher for our 6 cm circle.

Based on our findings, we expect circles smaller than 4 cm to feel
weaker (i.e., lower magnitude) than our 4 cm pattern. We likewise
expect magnitude to increase for circles larger than 6 cm (assuming
they fit on the palm). In this experiment, stimuli were centred
on the palm. We expect a subtle difference in intensity if circles
were partially, or entirely, presented to the fingers, due to varying
distribution and sensitivity of touch receptors on the hand.

Almost all stimuli were perceived by the participants, but some
had difficulty detecting the 4 cm circle at the lowest frequency. We
recommend a frequency where the normalised magnitude is at
least 0.5 in Figure 3; for example, at least 9 rev s–1 for 6 cm or 13
rev s–1 for 4 cm. This means reliable detection is more likely and
will ensure a good quality of haptic feedback. If differently sized
shapes are being presented then perceptually-similar frequencies
can be chosen; for example, 4 cm at 13 rev s–1 and 6 cm at 7 rev s–1
overlap, so are likely to be perceived as having similar intensity.

5 CONCLUSION
We took a first look at the sensation of motion arising from focal
point movement, as used in spatiotemporal [12] and lateral [37]
rendering for ultrasound haptic devices. Focal point movement
speed is an important parameter of these patterns and our results
characterise its relationship with the sensation of movement and
perceived intensity. For circular patterns, motion is perceived as a
flutter-like sensation up to render frequencies of 17 rev s–1. Above
this, people perceive a more constant haptic sensation.

Haptic circles are widely used in ultrasound haptic interfaces:
e.g., for spherical virtual objects [21, 26, 29, 30] or to give feedback
about mid-air gestures [7, 10, 15, 16, 34]. Our results can inform
the design of ultrasound haptic interfaces, so that designers can
create or avoid the sensation of tactile motion. Motion may be
desirable for dynamic feedback: e.g., using below the 17 rev s–1
threshold to create moving patterns to indicate changing values or
to accompany animated visual icons. Conversely, designers may
wish to emphasise the contiguous outline of a virtual shape by
rendering significantly above 17 rev s–1. Since perceived intensity
scales with circle size and rendering frequency, our results can
also be used to create perceptually similar haptic objects: i.e., by
balancing size and frequency to yield similar intensity.

Our results also provide a foundation for future work into the
perception and unique design opportunities arising from perceived
motion: e.g., ability to identify movement direction (clockwise vs
anticlockwise). Like others in this area [20, 32], we encourage more
work into the perception of ultrasound haptic feedback. A large and
growing body of work is focused on the many novel applications of
this feedback modality, but more work is needed to give designers
and researchers empirical knowledge to inform their designs.
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