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Figure 1: a) Different sensitivity areas across the hand overlaid with pacinian receptors (dots). We create tactile shapes at low (c)
and high (b) sensitivity areas, as well as across areas (d and e), comparing their perceived intensity and continuity when using
spatiotemporal modulation (STM) and tactile illusions (funneling effect (FE) and cutaneous rabbit effect (CRE) ) (f).

ABSTRACT
Spatiotemporal modulation (STM) is the current de facto standard
technique for generating continuous tactile sensations in Ultra-
sonic Mid-Air Haptics (UMH). However, like other techniques, it
assumes a uniform sensitivity distribution across the hand. Tactile
illusions, such as the funneling effect (FE) and cutaneous rabbit
effect (CRE) create continuous sensations by stimulating only a
few points along the shape, which could be strategically selected
at highly sensitive points in the hand for stronger effects, but such
effects remain unexplored in UMH. This paper investigates tactile il-
lusions (FE, CRE) as potential alternatives for STM, comparing their
ability to produce continuous and intense shapes at regions on the
palm with different skin sensitivity. Our results reveal significantly
superior performance for CRE, when compared to FE and STM
in the tested parameter range. FE in turn provides slightly higher
continuity, even across sensitivity regions, while STM provides
higher intensity.
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1 INTRODUCTION
Ultrasonic mid-air haptics (UMH) operates by creating high-
pressure focal points via the additive interference of acoustic radia-
tion waves emitted from transducers [26], with various modulation
techniques such as amplitude modulation (AM) [26], lateral mod-
ulation (LM) [63], and spatiotemporal modulation (STM) [17, 59],
enabling users to perceive these focal points.

LM and STM are often favored for their efficiency and enhanced
perceived intensity [63]. However, they generate continuous tactile
shapes by moving focal points of equal intensity along the shape
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trajectory, overlooking the non-uniform sensitivity distribution of
human skin [28] (see Figure 1a).

Tactile illusions, such as the cutaneous rabbit effect (CRE) [19]
or funneling effect (FE) [5, 32] present a promising alternative to
generate continuous tactile shapes. These techniques only stimulate
a few discrete points, but they create the illusion of continuous
tactile stimuli between the stimulation points [2, 4, 48, 50, 72]. This
would allow for more selective rendering of the tactile shapes (e.g.,
stimulation points only on highly sensitive areas, with the illusory
sensation spanning across the low sensitivity ones).

This paper explores this potential, by providing a systematic
comparison between tactile illusions (i.e., CRE, and FE) and STM
(i.e., conventional shape rendering technique). More specifically, we
compare perceived shape continuity and intensity for tactile shapes
rendered across areas of the hand with varying sensitivities, or
even across sensitivity areas (see Figure 1b-e). We did this through
a two part experiment: in the first part, participants determined the
optimal rendering settings for achieving continuous and intense
sensations for each independent stimulus (i.e., a given tactile shape
with a given technique/illusion). In the second, the participants
rated the perceived intensity and continuity of the shapes rendered
with the settings they had selected.

Our results (see Figure 1e) confirm that both illusions (CRE and
FE) work in UMH but, more importantly, allow us to assess how
their intensity and continuity compare against that of conventional
techniques (STM). Overall, CRE provides superior continuity and
intensity than FE and STM, suggesting its applicability towards
rendering more intense and continuous shapes. FE emerges as a
comparable or slightly better method for generating continuous
tactile shapes, particularly in low-sensitivity areas, while STM pro-
vides high perceived intensity. Our findings confirm that tactile
illusions work in UMH, derive usable parameter values to use them,
and put their intensity and continuity in perspective against com-
mon shape rendering techniques (STM). This paves the way for
further exploring the use of these techniques to create continuous
tactile shapes.

2 RELATEDWORK
Rendering haptic sensations with Ultrasonic mid-air haptics (UMH)
has been studied in numerous works. Here, we first review its work-
ing principles and current UMH modulation techniques aimed at
achieving continuous and intense shapes. We, however, argue that
uniform shape rendering employed by these techniques may not
be optimal for inducing continuous and intense sensations, given
the non-uniform of sensitivity of different areas of the hand. Sec-
ond, we focus on the non-uniform sensitivity of the palm and then
describe how tactile illusions could provide a feasible alternative
for continuous and intense UMH sensations across the skin regions
with varying sensitivity.

2.1 Ultrasonic Mid-air Haptics, Affected by Skin
Sensitivity

Ultrasonic mid-air haptics (UMH) uses Phased Arrays of Trans-
ducers (PATs) to generate haptic sensations. Each transducer is
driven to focus the acoustic waves from all transducers at the same
position, resulting in a high-pressure focal point [9]. Modulation

techniques make such focal points perceivable [59] through tempo-
ral and spatial variations.

There are three main modulation techniques to create haptic
shapes in UMH: Amplitude Modulation (AM), Lateral Modulation
(LM), and Spatiotemporal Modulation (STM). AM discretizes the
shape into several focal points, presenting them all simultaneously
but varying the pressure of each point over time at a given modula-
tion frequency [23] (Figure 2c). LM and STM work on a different
principle, retaining the pressure of the points constant, but chang-
ing their location. LM uses a similar number and distribution of
points to AM, but moves them laterally along the shape to evoke
sensations [63] (Figure 2d). STM (Figure 2e) uses a single focal
point quickly moving along a densely sampled shape trajectory at
a specific drawing frequency 𝑓𝑑 [17, 31].

All three techniques have been extensively studied for render-
ing continuous tactile shapes [18, 34, 36, 64]. AM supports shape
rendering [34, 36], but the temporal modulation of multiple points
does not constantly use the maximum power the UMH device
can deliver [17]. On the other hand, LM and STM offer higher
intensity [63] as points are always active, and continuity as the
distance [18] between such sampled focal point’s placement along
the trajectory is small enough [24] to create the sense of continuity.

However, all these techniques ignore hand sensitivity, delivering
the same amount of power to each point in the shape, irrespective
of the sensitivity of the point it stimulates (see Figure 2c-e, below),
which could cause weak stimulation and discontinuities in percep-
tion, especially at low sensitivity region. This was, for instance,
observed by Vasudevan et al. [69], where tactile shapes ‘7’ and ‘2’
were frequently confused, particularly due to the horizontal line of
the ‘2’, which spans across a low-sensitivity area of the hand (see
Figure 2b). Moreover, discontinuous tactile feedback can increase
cognitive load as the brain works harder to process and “reconnect”
each sensation, which can lead to mental fatigue or confusion, es-
pecially in tasks requiring fine tactile path guidance [61]. On the
other hand, continuous and intense tactile feedback helps guide
our movements, particularly for tasks requiring precision.

As such, exploiting the uneven hand’s sensitivity remains an
underexplored factor which could influence perceived haptic shape
intensity and continuity in UMH.

2.2 Sensitivity Regions on the Palm
Generally, two approaches have been adopted to investigate the
sensitivity of the palm in the haptic domain. One is to explore it
through the distribution of mechanoreceptors, and the other one is
to empirically derive the sensitivity regions through experiments.

Four main types of mechanoreceptors provide information to the
central nervous system regarding touch, pressure, and vibration.
They can be classified as SlowAdapting I and II, and Rapid Adapting
I (RAI) and II (i.e., Pacinian corpuscle) based on their sensitivity
frequency and the receptive field characteristics [11].

The most discussed and studied receptor types in UMH are RAI
and Pacinian corpuscle (PC). This is because both LM and STM
create sensations by stimulating RAIs and PCs [16, 29, 46, 59] that
are sensitive to motion. These two receptors, RAI and PC, however,
react to different vibration frequencies. The RAI channel (Meissner’s
corpuscles) encodes vibrations from 5 to 50 Hz and is sensitive to
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Figure 2: UMHmodulation techniques demonstrate the spatial arrangement of focal points and the pressure of points over time
but overlooked the various sensitivity on the palm. a) A typical Pacinian receptor distribution is shown as dots on the hand [60].
b) Empirically derived sensitivity map of the palm in UMH literature based on Messiner’s and Pacinian receptor frequency
range [69] overlaid on Pacinian receptor distribution. Examples of how c) amplitude modulation, d) lateral modulation (LM),
and e) spatiotemporal modulation (STM) work in rendering a line shape on the palm.

the change rate in the spatial deformation [30]. The PC channel
(Pacinian corpuscles) encodes vibrations from a wider frequency
range (20 to 1000 Hz [52]). PCs sense vibrations and detect fine
textures [30]. Figure 2a [60] shows the typical PC distribution on
the human palm. While relevant, its nuance and complexity have
made it hard to use such distribution to guide the delivery of UHM
sensations.

HCI studies have explored sensitivity regions of the hand lead-
ing to simpler, but also more applicable models. For example,
Chongyang et al. [9] tested the detection threshold of UMH stimuli
based on different hand regions (i.e., palm, root, and the tip of mid-
dle finger). Their findings indicate that the perceptual threshold is
lowest at the palm and highest at the tip of the finger and concluded
that the palm is the most sensitive region to UMH stimuli.

Later research has further outlined the sensitivity regions of the
hand [69]. In the study, the authors asked participants to report
their perceptions across four palm regions. The results show that
the most sensitive area was the top of the palm (above the distal
palmar crease, see Figure 2b sector 1), followed by the middle of the
palm (sector 2), the sides (sector 3), and the bottom parts (sector 4)
of the palm being the least sensitive (see Figure 2b).

In this work, we reuse the palm sensitivity distribution suggested
by [69]. As shown in Figure 2b, this mapping not only includes the
distribution of Pacinian corpuscles (see Figure 2a, receptors from
[60] marked as dots on the hand) but also incorporates the empirical
findings from their UMH study (i.e., areas represented as circular
sectors in Figure 2b).

2.3 The Potential of Tactile Illusions for Shape
Perception

Tactile illusions create a sensation of continuity between discrete
stimulation points. This could open the possibility of creating in-
tense continuous sensations even if the shape spans across a low
sensitivity area, provided that the discrete points used to create the
illusion are placed on the sensitive areas. Funnelling (FE) and cuta-
neous rabbit effects (CRE) are two major tactile illusion techniques
for vibration-based tactile feedback.

CRE stimulates the skin at two locations (P1 and P2) at specific
time intervals (also known as inter-stimulus onset interval or ISOI),

and the illusory sensation is felt in between the points [19]. Several
parameters determine the illusion’s strength and the sensation’s
continuity. This includes the burst time (BT, duration of stimulus
exposure), inter-burst time (IBT, duration between the sequential
two stimuli at P1), and ISOI [54] (see Figure 3b for more details).

FE typically works by simultaneously stimulating the skin at two
different locations (see Figure 3b). Intensity transitions from one
point to the other (i.e., although more than 2 points can be used),
and the total duration (TD) of this transition can be tuned to trigger
the illusion of a continuous tactile sensation moving between the
points [42, 68].
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Figure 3: The CRE and FE producing a horizontal line be-
tween points P1 and P2. a) CRE uses 3 taps (AM focal point
bursts) over time, two at location P1 and one at P2. b) FE stim-
ulates P1 and P2 simultaneously, modulating their pressure
over time.

Previous works in the general haptic domain (i.e., using vibra-
tors, instead of UMH) attempted to improve haptic rendering using
illusions. This includes the studies that facilitate continuous sen-
sation rendering [2, 4, 48, 50, 72], enhance character or pattern
recognition using both FE and CRE [2, 66], and assess how tactile
illusion directions affect perceived shape continuity [53]. Further
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studies investigated how high-resolution haptic displays can be
created using illusions [8, 65], reducing the number of actuators
required [12]. All those studies suggested using tactile illusions to
gain refined and high-resolution tactile shapes at low costs, but
none has been applied to UMH.

Tactile illusions also work on non-continuous areas of the skin.
Researchers have attempted to combine CRE with visual feed-
back [14, 33], and applied such saltation effect to non-continuous
skin (e.g., across left and right arm) [13, 71]. Further research has
also indicated that the saltation can be extended to body-worn ob-
jects and create an “out of the body” experience [40]. Similar results
have been demonstrated using FE [35].

Recently, illusions have began to be explored in the UMH domain.
These studies focus on recreating these continuous illusions as lines
across the palm [72], or between hands [49], with point studies
comparing lines rendered by FE and LM [42].

However, no systematic comparison between tactile illusions
(i.e., CRE and FE) and conventional UMH techniques (e.g., STM)
has been conducted, especially in terms of perceived intensity and
continuity. As such, we still do not know how CRE and FE perform
in terms of continuity and intensity, either compared to each other
or to conventional UMH techniques (e.g., STM). We also do not
know what timings and parameters (e.g., see Figure 3) are required
to reproduce these illusions with UMH. It is unclear if the palm’s
sensitivity affects the effectiveness of these techniques (illusions or
STM) and if in any scenarios using illusions could be better than
standard modulation techniques or vice versa.

3 EXPERIMENT
This paper focuses on addressing four main questions.

• Do CRE and FE work in UMH, and what parameters should
be used to trigger continuous and intense illusions?

• How do CRE and FE compare with each other, but also
against STM, in terms of perceived continuity and inten-
sity?

• How does the palm’s sensitivity influence STM, CRE, and FE
in terms of continuity and intensity, and which technique
works better in which scenario?

• Does rendering direction across different sensitivity areas
influence the perceived continuity and intensity of the CRE,
FE and STM techniques?

We conducted an experiment to address these questions. We
use the experimental approach in prior research [3, 20, 45], as to
allow participants to explore and evaluate the optimal stimuli based
on a given criteria (i.e., stimulus achieving highest continuity and
intensity). The experiment has two parts. The first part allows
participants to explore and select the optimum parameters (e.g., BT,
IBT for CRE, see Figure 3) for each given stimulus (i.e. combination
of a given tactile shape and technique).

In the second part, participants rate the perceived intensity
and continuity of the optimal stimuli they designed during
the first part. This allows us to compare stimuli across tech-
niques/areas/directions on a best-case scenario (e.g., can CRE out-
perform STM in a low sensitivity area, even when the best parame-
ters for that technique, area and participant are used?).

The subsections below detail our implementation of the tech-
niques and choice of tactile shapes, and then describe our experi-
ment design and procedures. Detailed analysis and results from the
experiments can be found in section 4.

3.1 Choice of Haptic Shapes
Straight lines were selected as fundamental primitives to both pre-
liminarily test our assumptions and establish a theoretical founda-
tion for more complex shape construction (i.e., future studies could
build other shapes by concatenating line segments). This choice
minimized design complexity while preventing curvature or salient
points from influencing intensity and continuity perception [37].

We used 4 straight lines as haptic shapes: two targeting areas of
the hand with specific sensitivities (L and H, in Figure 4), and two
spanning across areas of varying sensitivity and following different
rendering directions (HL and LH, in Figure 4).

Our first haptic shape uses a horizontal line across the lower
part (L) of the palm (see Figure 4b). This shape would theoretically
benefit illusions (CRE and FE) over STM, as the start and end points
(used by illusions) lay on higher-sensitivity areas, while most of the
intermediate points in the STM stimuli would fall on low sensitivity
areas.

In contrast, the second shape is a horizontal line higher up (H) on
the palm (Figure 4a), predominantly spanning the high sensitivity
region. This is the exact opposite case than before, potentially
favoring STM over illusions.

Vertical lines were selected for the third and fourth haptic shapes
(see Figure 4c-d), to understand how varying sensitivities affect
each technique. STM would generate focal points across the palm
(varying sensitivity), while illusions target one high-sensitivity
area and one low-sensitivity area. The stimulus was applied in
both directions, to understand if the order of the stimuli (e.g., first
stimuli being stronger than last) affected overall perception. Finally,
all line lengths were scaled according to each participant’s palm size
(physically measured during the experiment), so that the stimuli
spanned across similar areas on their hands. Overall, H and L were
used to test the effect of different techniques at different sensitivity
regions, and HL, and LH were used to test techniques’ effects across
varying sensitivity regions.

3.2 Implementation of the Haptic Techniques
All three haptic techniques were implemented using ultrasonic
mid-air haptics. For CRE, we selected the simple cutaneous rab-
bit [35, 40] line formation, where a total of 3 taps (i.e., focal points
with amplitude modulation frequency of 200 Hz [22, 42, 69]) were
generated at the two extremes of the line (positions P1 and P2 in
Figure 3a). The first tap (focal point) is created at P1 for a duration
BT. The second tap is again created at P1 after IBT. Finally, after
ISOI, the last tap is created at P2 for a duration BT. In the experi-
ment, participants were allowed to tune these 3 parameters, with
BT ranging between 1 to 100 ms [54], IBT between 1 to 1000 ms,
and ISOI between 1 to 100 ms [35, 40].

To render FE, we generated two simultaneous AM focal points,
each placed at one extreme of the line (P1 and P2) and both with
modulation frequencies of 200 Hz. Both tactile illusions employed
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Figure 4: Summary of Haptic Shapes used: a) A Horizontal line higher up (H) on the palm is rendered at the most sensitive
region. b) A Horizontal line lower down (L) on the palm is rendered at the least sensitive region. c) A vertical line is rendered
from high to low-sensitivity region (HL). d) A vertical line is rendered from low to high-sensitivity region (LH).

200 Hz AM, identified as the “sweet-spot” frequency in this tech-
nique [22, 42, 69] to reduce complexity in parameter adjustments,
study duration, and participant fatigue. This also aligns our method
with previous 200 Hz AM-driven FE [42] that reliably produce a
continuous sensation, facilitating direct comparison when introduc-
ing CRE. The amplitude change between the two points is based on
the logarithmic function in [42] (see Figure 3b). In the experiment,
participants were allowed to change the total duration (TD) of the
amplitude change between 1-5000 ms [42].

Finally, STM stimuli used a single focal point, to ensure maxi-
mum perceived intensity [59]. The sampling rate was kept at 100
positions to avoid sampling effects [18]. During the experiment,
participants were allowed to adjust 𝑓𝑑 between 1-20 Hz as to ensure
maximum perceived intensity [1, 58], and effectively stimulate RAI
and SAI receptors [42]. Moreover, previous research has shown that
frequencies below 15 Hz with small sampling distances (<1 mm)
reduce vibratory perception while producing a strong, continuous
static sensation [43]. Staying within this range also mitigate the is-
sue related to device heating and intensive phase changes at higher
frequencies, preserving performance and ensuring consistent stim-
ulus delivery throughout the experiment [58].

All stimuli were generated at 15 cm above the PAT, as to avoid
discrepancies due to location [55] and all techniques were generated
with the maximum pressure the device can offer [58].

Each technique’s parameters (e.g., IBT, 𝑓𝑑 ) were adjustable using
sliders presented in the GUI. One thing to notice is that CRE re-
quired three parameters (i.e., BT, IBT, ISOI), while FE and STM only
required one (i.e., TD and 𝑓𝑑 , respectively). To avoid inter-technique
bias, all techniques were provided with three sliders to adjust in the
UI, with the 2 additional sliders for FE and STM allowing different
step sizes for the parameter adjustment. Correspondingly, the step
sizes used for the sliders are: STM (1 Hz, 2 Hz, and 3 Hz); FE (100
ms, 300 ms, and 500 ms); and CRE (10 ms [BT], 100 ms [IBT], and
10 ms [ISOI]).

3.3 Experiment Design
When comparing perception of haptic shapes across techniques, the
choice of the parameters used to render each shape has great effects
on the perception of the UMH stimuli [1, 21]. Identifying optimum

parameters has been subject to intense research for AM [55] and
STM [58, 59], and remains unexplored to CRE or FE in UMH.

A systematic sweep across all parameters for each technique (e.g.,
testing any combination of BT, IBT and ISOI, for CRE) would have
led to combinatorial explosion. This would not only be untreatable
within the scope of this work, it would also be unnecessary until we
first check whether CRE and FE can become a feasible alternative
to render continuous UMH tactile shapes.

Thus, our experiment was designed to allow each participant to
determine the optimum parameters for each shape and technique,
that are the parameters resulting in the highest intensity and conti-
nuity, for that specific participant. As such, when comparing stimuli
across users, techniques or sensitivity areas/haptic shapes, we can
ensure that the stimuli compared are the best stimuli that could be
found for that shape, technique and participant.

With that in mind, the experiment follows a within-subject de-
sign with two independent variables: the haptic techniques (CRE,
FE, and STM), and our four haptic shapes (see Figure 4), leading
to 12 combinations of technique and shape. The two dependent
variables were the ratings of the intensity and continuity.

During the first part of the experiment, participants tuned the
parameters for their 12 stimuli, structured as 3 blocks (one per tech-
nique). Within each block, participants were instructed to adjust
the 3 sliders configuring the technique via a graphic user interface
(GUI), until the stimulus generated felt most intense and continuous
(i.e.,“continuous rather than a series of discrete points or intermit-
tent stimulation”). Participants confirmed that they understood the
criteria before starting the experiment.

A maximum of two-minutes were allowed for participants to
adjust each shape in a block, with all participants indicating that
such time was enough to find the optimum parameter settings.
Upon changing a parameter, a 1-second gap was allowed (i.e., no
stimulation) before presenting the next stimulus. This was done to
minimize sensory bias [55] and prevent enhancement effects (i.e., a
stimulus can enhance the perceived intensity of the next, for gaps
of less than 500 ms [70]).

The block order is counterbalanced by a Latin square design for
each participant. Participants were told that the adjustable parame-
ters used in each block would be different and thus not applicable to
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other blocks. We did not disclose which technique was used in each
block, the sensitivity regions, or the stimulus rendering directions
to minimize experimental bias.

At the beginning of each block, an extra test was added for partic-
ipants to familiarize themselves with the parameter settings in the
new technique. The shape of the training sample is counterbalanced
across participants using a Latin square design (i.e., 1st, 5th, 9th
participants get the same shape at the beginning of each technique
block), rendered using the corresponding technique for that block.
The remaining four tests (shapes) were randomized. A one-minute
rest was provided after each block. In total, there were 3 blocks * (4
shape tests + 1 extra training) = 15 tests for each participant.

In the second phase of our experiment, participants evaluated
self-created stimuli for perceived continuity and intensity. Intensity
ratings employed the absolute magnitude estimation method [25,
55], using a user-defined scale from 0 to infinity, and were later
normalized between 0 and 1 aligning with established literature
practices [17, 18, 58, 59]. We implemented an unbounded rating
scale to enable participants to rate using their preferred numerical
values, including fractions. This approach allows participants to
rate based on their own scale and use numbers that make sense to
them personally rather than fitting their perception into predefined
categories. Moreover, the continuous nature of the data collected
through an unbounded scale allows for more detailed analysis and
interpretation. This means we can capture subtle differences in
perceived intensity induced by the techniques we compared that
bounded scales may miss.

Perceived continuity was evaluated using a 9-point Likert scale
slider, again aligning with prior work [42]. Participants engaged
with a fixed set of 3 training stimuli before actual ratings to facilitate
familiarity with stimuli, testing procedures, and rating scales. We
used 3 lines applied at H (1 per technique), with the following
parameters: STM (20 Hz); CRE (100 ms BT, 1000 ms IBT, 100 ISOI);
FE (5000ms TD). Please note that these training samples were not
used in the analysis.

We repeated each stimulus presented in the second part of the
experiment three times in randomized order for a total of 39 ratings
(3 training + 4 shape tests * 3 techniques * 3 repetitions). Each
stimulus was displayed for 5 seconds. Regular 1-minute breaks
were provided every 10 tests to reduce fatigue [59].

3.4 Experiment Setup
In our experiment, we employed the OpenMPD platform [41], uti-
lizing its software (GS-PAT algorithm at 10 KHz [51]) and hardware
(UMH device equipped with 256 transducers, operating at 40 KHz
and 18 V). The UMH device was placed within a sound-absorbing
foam-covered black box, featuring a 12 cm by 12 cm aperture on
top for delivering haptic stimuli to participants’ hands. Participants
were provided with adjustable seating and elbow support to ensure
alignment and maintain a steady 15 cm distance, enhancing com-
fort, reducing fatigue, and promoting stable flat hand positioning
throughout the experiment (i.e., ensuring effective focal point focus
on the palm surface).

We utilized noise-canceling headphones playing pink noise to
isolate participants from any ambient and device-generated noises.

Aper tur e

15 

cm

Elbow 
Suppor t

Moni to
r

GUI

Mouse

Keyboar d

Headphone

Adjustable 
Chai r

Figure 5: The setup for the experiment. A Participant seated
on an adjustable chair with noise-canceling headphones in-
teracted with a GUI on a desk monitor. At the same time, the
participant’s hand engaged with an ultrasonic mid-air haptic
device placed in a black foam box.

Participants used their dominant hand to operate a mouse, facili-
tating parameter selection and response recording through a GUI
displayed on a monitor positioned in front of them [58, 59, 71].
For a visual representation of the experiment setup, please refer to
Figure 5.

3.5 Participants and Experimental Procedure
The experiment involved 21 participants (12 females, mean age
±𝑆𝐷 : 29.5± 9.4). Three participants had prior experience with UMH.
Upon each participant’s entry into the room, the setup was adjusted
to their needs, including chair, box, and elbow support adjustments.
An introductory video was presented to each participant to explain
the experiment’s procedure, GUI, tasks to be completed, and the
rating scales.

Additionally, temperature measurements were conducted at the
beginning of the experiment and during rest stages on the partici-
pant’s palm to ensure a temperature above 35◦C, to avoid loss of
sensitivity due to cold [58].

Next, participants were asked to start the first part of the experi-
ment and find the optimum parameter settings for each technique
and haptic shape. After completion, participants were required to
rest for 2 minutes before proceeding to the second part of the ex-
periment. Finally, participants were asked to perceive each of the
optimal stimulus they had created for 5 seconds and to rate its
perceived intensity and continuity. The overall study duration was
45 minutes. At the end of the experiment, each participant received
a £10 Amazon voucher for their participation. Ethical approval was
obtained from our local ethics committee, and all participants gave
informed consent.
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Table 1: Parameter ranges chosen by participants, clustered in 2 main categories per parameter (C1 and C2), together with their
perceived intensity and continuity ratings (medians [lower confidence interval (CI), upper CI]) and percentage of participants
selecting each cluster.

Cluster 1 (C1) Cluster 2 (C2)
Parameter Value (Mean ± STD) Continuity (Median [95%, lower CI, upper CI]) Intensity Value Continuity Intensity % C1
CRE BT 89.9 ± 12.0 0.54 [0.38, 0.70] 0.57 [0.36, 0.71] 25.4± 16.9 0.45 [0.37, 0.54] 0.30 [0.21, 0.41] 64%
CRE IBT 37.3 ± 66 0.75 [0.64, 0.85] 0.64 [0.45, 0.75] 588.2 ± 259 0.23 [0.12, 0.38] 0.23 [0.12, 0.38] 85%
CRE ISOI 8.38 ± 12.2 0.49 [0.46, 0.61] 0.44 [0.31, 0.52] 71.6 ± 20.63 0.46 [0.29, 0.62] 0.42 [0.26, 0.61] 67%
FE TD 1493 ± 947 0.57 [0.55, 0.625] 0.25 [0.222, 0.23] 4146 ± 909 0.55 [0.52, 0.625] 0.25 [0.22, 0.3] 54.1%
STM 𝑓𝑑 19.0 ± 1.52 0.55 [0.5, 0.57] 0.56 [0.5, 0.57] 9.3 ± 4.6 0.53 [0.44, 0.57] 0.56 [0.53, 0.59] 82.1%

4 RESULTS AND ANALYSIS
Our results are structured in two main sections. The first section
analyzes the parameter values chosen by participants for each
technique, when designing their optimum stimuli. This analysis is
important given the relatively lack of research on the use of tactile
illusions for UMH. This first subsection will allow us to confirm
participants’ ability to select reasonably optimized parameters, but
also provides HCI practitioners with a preliminary exploration of
parameter values to use when applying these techniques with UMH.

The second section then examines how our two key variables,
namely techniques and haptic shapes, influence users’ perception of
intensity and continuity. By analyzing these factors, we can derive
the best technique in general, and also understand how different
sensitivity regions (L and H) and rendering directions (LH, and HL)
impact the effectiveness of techniques on perceived intensity and
continuity.

4.1 Analyzing Participants’ Parameter Choices
We collected a total of 252 optimum parameter settings (21 partici-
pants x 3 techniques x 4 haptic shapes) from all participants during
the initial phase of the experiment, and 756 normalized ratings
of perceived continuity and intensity (21 x 3 x 4 x 3 repetitions),
during the second phase.

We first analyzed the parameters chosen by participants across
the complete sample dataset (252 stimuli). For CRE, parameter
values were BT (mean±std: 66.7±33.9 ms), IBT (122.6 ms±231.8
ms), and ISOI (29.44±33.6 ms). It seems that participants always
chose IBT values larger than ISOI (required for the technique to
work [40]). For FE, participants chose a TD of 2724.7±1616.9 ms
FE, close to the range suggested in [42]. Finally, participants chose
a mean 𝑓𝑑 range for STM of 17.2±4.42 Hz, well within optimum
parameters for this technique [58].

Even if within reasonable ranges, we wanted to further explore
the spread of the parameter values chosen by participants, as to
further refine the optimum value range for each parameter, as well
as to assess participants’ ability to choose good parameter values
and the influence of each parameter on perceived intensity and
continuity. To achieve this, we used the elbow method [62] and sil-
houette scores [27] to cluster our data according to each parameter,
and report the 2 main clusters per parameter (C1 and C2, with C1
always being the majoritarian choice). Beyond parameter values
used for each cluster (C1 and C2), we report the median intensity
and continuity per cluster and the percentage of participants that
chose C1.

These clustering results are summarized in Table 1. Parameters
BT and IBT (from CRE), TD (FE) and 𝑓𝑑 (STM) all seem to have
very strong influences on both continuity and intensity ratings,
with C1 always having greater or comparable (intensity/continuity)
scores than C2. Also, participants consistently chose parameter
values from this better range (i.e., 54-85% chose C1), which both
validates their ability to correctly refine the stimuli during the
experiment and increases our confidence that the values in C1
are recommendable parameter ranges for these 5 parameters (and
techniques) in terms of intensity and continuity. It worth noting
that although the perceptual difference in two FE clusters is not
obvious (54%), we identified the parameter ranges used in these
clusters are close to two optimum parameter values (2.5 s and 4 s)
tested in [42].

A further analysis was performed, clustering parameter choices
for each haptic shape. This did not provide further significant in-
sights, but is included in Tables 2-6 in supplementary material for
completeness.

4.2 Data Processing Before Statistical Analysis
The resulting perceived intensity and continuity ratings seemed
unlikely to follow a normal distribution across various factors,
including techniques, tactile shape, and interaction effects (Shapiro-
Wilk, 𝑝 < 0.05). The sphericity assumption (Mauchly’s test [39]
with 𝑝 < .05) was also violated when looking at the homogeneity of
variances of the perceived intensity and continuity ratings across
different techniques or tactile shapes. No outliers were found when
investigating the effect of technique, sensitivity, direction, and their
joint effects.

We used Friedman’s tests, known for their robustness [6], and
their freedom from normality and sphericity assumptions [7, 15].
These tests were utilized to evaluate the impact of techniques, tac-
tile shape (skin sensitivity/ rendering direction), and their interac-
tion effects on perceived intensity and continuity. Effect sizes were
assessed using Kendall’s𝑊 Value [67]. Post-hoc analyses were con-
ducted using Conover’s tests [10]. Visual summaries and essential
statistical parameters are presented in the remainder of this paper.
Detailed statistical reports and post-hoc analyses are available in
the supplementary material (Tables 7-19).

4.3 The General Effect of Rendering Techniques
Figures 6a&b summarize our participants’ perceived continuity and
intensity ratings per technique. Ratings for CRE and FE are greater
than 0 and show small confidence intervals, confirming that both
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Figure 6: Perceived intensity and continuity median and confidence interval compared at different conditions. a-b) Comparing
three techniques (CRE, FE, and STM) in general. c-d) Comparing the same technique at two sensitivity regions (H and L).
e-f) Comparing three techniques at the same sensitivity region (High and low). g-h) Comparing the same technique in two
rendering directions (HL and LH). i-j) Comparing three techniques in the same rendering direction (HL and LH). ∗ indicates
𝑝<=.05. ∗∗ indicates 𝑝< .01. ∗∗∗ indicates 𝑝< .001.

illusions can be produced with UMH. Similarly, certain disparities
can be found between intensity and continuity ratings, indicating
that these two sensations are indeed different.

Our results also revealed significant effects of techniques on
perceived intensity (𝜒2(2)=95.717, 𝑝 < .001,𝑊 =0.570), and continu-
ity (𝜒2(2)=20.091, 𝑝 < .001,𝑊 =0.120). In general, CRE performed
significantly better than other techniques in terms of continuity
ratings, and offers significantly higher intensity ratings than STM.

FEwhile providing slightly higher perceived continuity, however,
offers significantly lower perceived intensity, with significance
marked as asterisks in Figure 6a&b. Thus, while the FE applies in
UMH, this does not seem like a recommendable alternative to STM.

4.4 Techniques Performance per Sensitivity
Region (L, H)

Shapes H and L (Figure 4a-b) target two different sensitivity regions
(high and low, respectively), and we use them to understand if sen-
sitivity affects the creation of intense and/or continuous sensations.

The ratings given for H (high-sensitivity area) showed signifi-
cantly higher perceived intensity (𝜒2(1)=6.564, 𝑝=0.01,𝑊 =0.104)
compared to L (the Low-sensitivity). This corresponds to the sen-
sitivity distribution shown in Figure 4 and findings from previous
work [69], and logically corresponded to the sensitivity map shown
in Figure 2.

In terms of continuity, illusion techniques ratings offered higher
perceived continuity in the low sensitivity region, suggesting the
effectiveness of illusions in bridging tactile sensitivity. However,
no significant effects of palm sensitivities were found (𝜒2(1)=0.643,
𝑝 = 0.423,𝑊 =0.010).

Next, we analyzed the interaction effect of palm sensitivity and
techniques on the users’ intensity (𝜒2(5)=54.207 𝑝<.001,𝑊 =0.516)
and continuity (𝜒2(5)=22.105, 𝑝<.001,𝑊 =0.210) perception. We do
this from two perspectives, first by comparing L and H ratings

within each technique (i.e., Figure 6c-d), and then by comparing
performance across techniques for each sensitivity area (i.e., Figure
6e-f).

We first looked at the ratings of each sensitivity region (H or L)
for each technique (Figure 6c-d). The intensity is significantly higher
(𝑝 <.05) for CRE, and STM when stimuli are applied in the high
sensitivity region (H), which corresponded to previous assumptions.
However, no significant differences could be found between H and
L for FE. This could simply be due to the fact that FE is perceived
as extremely weak. Nevertheless, slightly higher intensity can be
observed for FE ratings when applied in the high-sensitivity region.

Tactile illusions appeared to enhance continuity in low-
sensitivity regions (Figure 6d), supporting our assumption that
they help bridge the sensitivity gap at L while providing compa-
rable or even greater continuity perception than at H. In contrast,
STM seemed to provide slightly higher continuity at high sensitivity
region.

We then compared performance across techniques, in each sen-
sitivity area (Figure 6e-f). Significant intensity rating differences
were found between the FE and the other two techniques (𝑝 < .001)
at all sensitivity regions, indicating its poor performance at pro-
viding higher intensity. Significant differences were also found in
continuity ratings between CRE and other two techniques, confirm-
ing its capability in offering comparable, more intense (Figure 6e),
and significantly higher continuous sensation, irrespective of the
applied sensitivity regions (Figure 6f).

As per FE and STM, this analysis seems to indicate that a trade-
off between intensity and continuity exists for these two techniques
(i.e., STM provides higher intensity, while FE provides slightly better
continuity), especially at low-sensitivity region. This indicates that
haptic designers should only be particularly concerned about this
trade-off when stimulating areas of low sensitivity.
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4.5 Rendering Direction Effects across
Sensitivity Areas (LH, HL)

We analyzed the effects of rendering direction on intensity and
continuity in general, for stimuli spanning across areas of vary-
ing sensitivity (LH, HL). The differences between LH and HL
did not show statistical significance, neither in terms of inten-
sity (𝜒2(1)=0.018, 𝑝=0.893,𝑊 =0.00028) or continuity (𝜒2(1)=0.153,
𝑝=0.696,𝑊 =0.0024).

We then analyzed the interactions between stimulus’ direction
and techniques on the users’ intensity, and continuity perception.
Significant interaction effects of stimulus rendering direction and
techniques were found on perceived intensity (𝜒2(5)=50.070, 𝑝<.001,
𝑊 =0.477) and continuity (𝜒2(5)=13.137, 𝑝=0.022,𝑊 =0.125). As in
section 4.4, we explore this effect from 2 perspectives (i.e., across
areas, and across techniques).

Post-hoc analysis for the same technique rendered at different
directions (L first or H first) demonstrated no significant differences.
Since rendering direction does not necessarily affect perception,
this might reduce one confounding factor for practitioners design-
ing stimuli using these techniques. Such results contradict prior
findings on the effects of rendering direction on continuity [53],
but this might be due to the use of different areas (i.e., elbow vs
palm) or technologies (i.e., vibrators vs UMH).

Figure 6g-h explores these effects by looking at how the ratings
of each independent technique were affected by direction (LH or
HL). Generally, a higher perceived intensity was achieved when the
stimulus was applied from a high to low sensitivity direction. This
could be because participants pre-determined stimulus as stronger
immediately after perceiving a relatively stronger stimulus at the
high-sensitivity region. In any case, none of our paired compar-
isons showed any statistical significance, leading us to conclude
that rendering directions are not crucial in terms of continuity or
intensity, for the same stimuli we used across sensitivity areas.

Finally, Figure 6i-j compares ratings of all techniques at each ren-
dering direction (HL and LH). Results for CRE in terms of perceived
intensity (𝑝<.001), and continuity (𝑝<.001 for H to L and 𝑝=0.016 for
L to H) were again better than STM, especially when stimuli were
rendered from high to low sensitivity region. This again indicated
that CRE can be a much better alternative to STM when the stimuli
are rendered across sensitivity regions (i.e., especially for tactile
shapes spanning across sensitivity regions).

Generally, FE demonstrated slightly higher continuity and STM
provided higher intensity, while CRE provided much higher inten-
sity and continuity.

5 DISCUSSION
In this section we summarize the findings derived from our explo-
ration, using them to provide guidelines for practitioners interested
in using CRE and/or FE with UMH, as well as identifying limitations
and future opportunities for research, building on our results.

Our study systematically compared the effectiveness of tactile
illusions, cutaneous rabbit effect (CRE) and funneling effect (FE),
against spatiotemporal modulation (STM) in ultrasonic mid-air
haptics (UMH).

We found that CRE generally outperformed both STM and FE
in delivering comparable intensity or even significantly higher in-
tensity and continuity in the tested parameter ranges, especially
across sensitivity regions. This has made CRE a promising alter-
native for rendering continuous tactile shapes. FE, while offering
slightly higher perceived continuity, lacked the intensity needed
for robust shape perception, limiting its practical applicability. Ad-
ditionally, our findings confirmed that palm sensitivity significantly
affects perceived intensity, with higher sensitivity regions leading
to stronger sensations, while rendering direction had negligible
effects on perception.

5.1 Findings and Implications
5.1.1 Effects of Tactile Illusions:
First of all, our results confirm that both CRE and FE illusions work
in UMH. Our analysis of participants’ choices when designing their
optimum haptic shapes has for the first time allowed us to identify
parameter ranges that seem to lead to higher perceived intensity
and continuity (i.e., IBT, ISOI and TD, see Section 4.1), which can
facilitate future design and usage of these techniques. We also
derived recommended parameter ranges (i.e., BT = 89.9±12.0 ms;
IBT = 37.3±66; ISOI = 8.38±12.2; TD = 1493±947) to design such
stimuli.

Secondly, we put the performance of these illusions in perspec-
tive against that of conventional UMH techniques (STM). This
clearly shows that, CRE illusion worked at bridging sensitivity gaps,
especially across sensitivity regions, and has led to comparable and
significantly higher intensity and continuity ratings irrespective
of the rendering directions, and applied sensitivity regions. While
the FE illusions worked and provided higher perceived continuity,
they also provided much lower intensity ratings, suggesting that FE
might not be an optimum choice to generate continuous [42] and
intense UMH shapes. The extremely weak FE stimuli may also be
the reason why it, as a tactile illusion, did not provide comparable
continuous feedback to CRE.

Our results consistently revealed a continuity/intensity trade-off
exists between FE and STM (i.e., FE better continuity; STM higher
intensity), when creating stimuli at low sensitivity area, or across
sensitivity areas (LH). As such, practitioners should consider which
parameter is more crucial for their application (i.e., continuity or
intensity), before choosing one technique or the other.

Since CRE generally provided higher continuity and intensity
ratings in all cases (rendering direction and sensitivity region),
with much fewer sampling positions (STM: 20 Hz * 5 seconds * 100
sample positions = 10000 positions, CRE: 12 repetitions generally
in 5 seconds, 12*3 taps = 36 positions), it stands as a potential
replacer to STM. Such advantages open exciting opportunities when
designing haptic shapes spanning across multiple sensitivity areas
by deploying CRE or combining it with STM.

For instance, this technique can be used to achieve low-cost,
fine tactile path guidance [61], promoting continuous line feedback,
mitigating discontinuities or interruptions in instructions, thereby
enhancing precision. Additionally, it helps reduce cognitive load,
which can mitigate mental fatigue and confusion, especially in tasks
requiring fine motor control.
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Figure 7: Scenarios CRE, could enhance haptic perception. (a) Comparison of haptic patterns rendered by STM (blue) and CRE
(yellow) in terms of shape continuity and intensity, demonstrating how CRE provides clearer shape perception in remote haptic
communication. (b) CRE (yellow) enables continuous line sensations even when an object obstructs the area, whereas STM
(blue) is interrupted by the obstacle. (c) CRE combined with STM to enhance stimuli present.

Moreover, for the previously mentioned example in [69], since
CRE provides significantly higher perceived intensity and continu-
ity than STMwithin the tested STM range, whole parts or the lower
horizontal line of the ‘2’ could be rendered using CRE for improved
intensity and continuity (see Figure 7a), which could improve line
perception across this area, potentially improving shape recogni-
tion. This can also be applied to remote communication [47], where
two users exchange haptic patterns. In this case, the integration
of CRE with its optimum parameters enhances the perception of
shapes transmitted from a loved one [47], making the experience
more aroused [59], clear, and expressive.

Similarly, figure 7b illustrates a scenario in which users can per-
ceive a designed stimulus on their palm even when a solid obstacle
blocks the targeted area. This effect, achieved through illusory tac-
tile bridging, is particularly useful in situations where users need
to receive haptic information while an object is in the way. This
technique also eliminates the need for complex algorithms, such
as the boundary element method [38, 44], to enhance sensation by
computing and directing wave scattering on the object mesh and to
the hand. As a result, it enables the generation of intense and con-
tinuous sensations while significantly reducing computation load.
Finally, Figure 7c depicts a scenario where our approach combines
with traditional modulation techniques to avoid STM limitations
(i.e., hard to target low or across sensitivity regions) for various
pattern creation. Although these effects require further validation
through extensive studies, they represent just a few of the many
possibilities unlocked by our findings. This work paves the way for
future applications that could redefine haptic interactions in both
virtual and physical environments.

5.1.2 Effects of Skin Sensitivity and Rendering Direction:
Our results also validated that the skin sensitivity region where the
stimuli are applied is important. We revealed significantly higher
perceived intensity when stimuli rendered by different techniques
were applied at high sensitivity region, and further validated the
previous sensitivity map derived [60, 69]. This finding helps future
designers in optimizing balanced intensity stimuli, and informing,

and reducing confounding factors when researchers design stud-
ies in UMH that are related to palm sensitivities (e.g., testing the
designed stimuli intensities within the same sensitivity region for
fair comparison). Our findings can also be potentially deployed to
other haptic devices if they share similar vibrational properties to
UMH stimuli.

Our findings also seem to challenge some of our own assump-
tions, whichmight also be informative to other practitioners.We did
not find a significant effect of skin sensitivity regions on perceived
continuity in the same technique. Two possible reasons exist. First,
since tactile illusions such as CRE and FE bridged the sensitivity
gap at L, it reduced differences in continuity ratings between H and
L regions and even promoted continuity ratings. Second, while STM
produced slightly higher continuity ratings at H, as expected, the
difference between H and L was not statistically significant. This
may be because perceived continuity was extremely low (i.e., felt as
extremely discontinuous) in both regions (see Figure 6d), making
differences difficult to detect. Notably, CRE effectively addressed
this issue by significantly promoting perceived continuity across
sensitivity regions, enabling more continuous and intense shape
perceptions.

The effects of rendering directions were, in general, much smaller
than expected, which can facilitate stimuli design by removing
unnecessary confounding factors.

5.2 Limitations and Future Works
While our study confirms that CRE and FE illusions are effective,
identifies CRE as a viable alternative to STM (i.e., CRE) for generat-
ing intense and continuous haptic shapes, and provides practical
recommendations for their integration (e.g., combining them to
enhance tactile shapes in areas where STM alone is insufficient),
Our findings are still limited by their exploratory nature (i.e., the
techniques, parameters, haptic shapes, and sensitivity regions used),
all of which warrant further investigation. For example, further
studies should investigate STM 𝑓𝑑 above 20 Hz and explore a wider
range of AM frequencies. These parameters could not be tested
in the present experiment due to the performance limitation, task
complexity, extended testing durations, and the risk of participant
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fatigue. Thus, while the “optimum” parameters identified in our
study represent the best-performing settings among those tested
for each shape, technique, and participant, they should not be inter-
preted as “absolute” or “global” optimum across entire parameter
space. Instead, they serve as a foundation for broader parameter
exploration, an essential step toward identifying global optimum
parameter ranges.

Also, the generalizability of the recommended parameters should
be tested beyond the line segments, addressing other shapes such as
circles, letters, or dynamic forms. Even then, our derived parameter
setting can already offer potential for designing sparse feedback sys-
tems, such as tactile information delivery [47, 57], navigation [61]
or menu selection [56] (e.g., up/down/left/right line feedback).

Additionally, the relationship between optimum parameter val-
ues and the distance between the extreme points of the illusion
must be further investigated to ensure their effectiveness for gen-
eral line segments (i.e., for a FE stimuli along a line segment of half
the length, the value of TD might need to also be halved).

Our findings indicate that increasing perceived continuity and in-
tensity in shape perception does not necessarily improve perceived
intensity homogeneity in the shape. This suggests that intensity
imbalance in global shape perception may persist. However, CRE
could enhance intensity and continuity, making shapes more per-
ceivable. It may also serve as an alternative solution by combining
CRE with STM to minimize intensity differences across sensitivity
regions (e.g., as shown in Figure 7c). However, future studies are re-
quired to further explore relevant parameter settings and reinforce
these designs.

6 CONCLUSION
In this paper, we systematically compared the effectiveness of differ-
ent haptic techniques (i.e., CRE, FE, STM) in achieving continuous
and intense sensation at palms of non-uniformly distributed sen-
sitivity. Additionally, we investigated the effectiveness of those
techniques under different skin-sensitivity regions and stimulus-
rendering directions. Our findings indicate that CRE can indeed
be leveraged in ultrasonic mid-air haptics (UMH), and while skin
sensitivity significantly affects the perceived intensity strength,
the rendering direction of the stimulus does not seem to matter.
Moreover, we found that CRE consistently provides comparable or
higher perceived shape intensity and significantly greater continu-
ity across different sensitive skin areas and rendering directions. In
contrast, tactile illusions like FE are particularly effective at main-
taining shape continuity across various skin regions. This indicated
that tactile illusions could act as a potential replacement for STM to
achieve better shape formation in UMH by filling the sensation gaps
between the non-uniformly distributed sensitivities on the palm.
Our research opens the opportunity for continuous and refined
shape rendering in UMH, and encourages designers in the haptic
domain to further explore and facilitate the use of tactile illusions.
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