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ABSTRACT We designed two psychophysical experiments to compare the cutaneous rabbit tactile illusion
with a cutaneous rabbit recreated using sequential funneling tactile illusions. These illusions were rendered
between a pair of actuators held with the hands. A tactile illusion is a psychophysical phenomenon that
arises when the real stimulus does not match the perceived sensation. Designers exploit tactile illusions
to efficiently increase the resolution of vibrotactile displays for human-computer interaction applications.
Initially, participants qualitatively compared both rendering methods. Subsequently, individuals reported the
upper threshold of the Inter-Stimulus Onset Interval (ISOI) for the cutaneous rabbit and the Time Between
Funneling (TBF) illusions of the recreated cutaneous rabbit using funneling, when the illusion broke apart.
The primary differences reported between both methods for rendering the cutaneous rabbit illusion were
related to the perceived amount of jumps and duration. Overall, funneling performed better at evoking the
illusion of a hopping rabbit, while both methods effectively conveyed direction sensations. Finally, the upper
ISOI threshold we found for the cutaneous rabbit was consistent with the value reported in the literature,
approximately 190 milliseconds, and was surpassed by the TBF of the recreated cutaneous rabbit using
funneling.

INDEX TERMS Cutaneous rabbit, funneling, haptic illusion, haptic interface, phantom sensation, tactile
illusion, vibrotactile feedback, vibrotactile interface.

I. INTRODUCTION

Nowadays, Human-Computer Interaction (HCI) technologies
incorporate vibrotactile feedback to enable multi-modal com-
munication. By controlling the duration, frequency, intensity,
or signal type of vibrations, users can differentiate between,
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for instance, incoming calls or notifications on a cellphone,
skidding or crashing in a driving game, or smooth or
wrinkled textures in virtual/augmented reality [1]. To enhance
the resolution of a tactile display, increasing the number
of actuators is common. This expansion is necessary for
conveying additional information related to motion, direction
or location. However, when the display resolution is limited
to a pair of actuators, such as in the DualSense’™ game
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Tactile sensation of a hopping rabbit
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FIGURE 1. This figure shows (a) an example of enhancing the resolution
of a vibrotactile display by increasing the number of actuators (Method 1)
and utilizing the Cutaneous Rabbit (CR) illusion (Method 2), and (b) a
schematic representation of the rendering method to evoke the
out-of-the-body CR illusion in midair between the hands. The Distance
Between Actuators (DBA) remains fixed. The signals sent to actuators

1 and 2 are represented in blue and red, respectively.

controller [2] for PlayStation 5, it becomes possible to create
what are known as tactile illusions. A tactile illusion refers
to the discrepancy between real stimulation and perceived
sensations. Researchers have harnessed these illusions to
develop applications for sensory substitution, such as assist-
ing paraplegic patients to perceive their lower extremities
within virtual environments [3], or conveying music through
touch [4]. Since conveying this spatio-temporal information
does not require additional visual or auditory stimuli, vision
and audition can focus on other multi-modal activities,
such as surgical procedures [5] or navigation [6].This paper
focuses on the Cutaneous Rabbit (CR) [7] and the Funneling
(FUN) [8] tactile illusions.
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FIGURE 2. This figure schematizes two pulses from a Cutaneous Rabbit
(CR) signal with their temporal elements: Pulse Width (PW) and
Inter-Stimulus Onset Interval (ISOI); not-to-scale.

Regarding the Cutaneous Rabbit (CR) tactile illusion,
Fig. la shows the recreation of a hopping rabbit using
two methods. Method 1 employs ten actuators that activate
sequentially to create the sensation of jumps. In contrast,
Method 2 (depicted in the same figure) demonstrates how real
actuators are replaced by the CR illusion. This substitution
conveys a similar sensation while significantly reducing the
required number of actuators to just two. Fig. 1b provides
a schematic representation of the method used to evoke a
ten-jump CR illusion out of the body in midair between the
hands. The process involves presenting five short pulses with
temporal regularity in actuator 1 (held with the left hand),
followed by another five pulses with identical characteristics
in actuator 2 (held with the right hand), with a certain
Distance Between Actuators (DBA). The evoked sensation
is a point progressively hopping from one real actuator to the
other [7].

Two variables that determine important thresholds in CR
are the number of pulses (i.e. the amount of hops) and
the Inter-Stimulus Onset Interval (ISOI), which is the time
between pulses. Fig. 2, which is not-to-scale, illustrates two
pulses with their Pulse Width (PW) and the ISOI.

With respect to the Phantom Sensation or Funneling (FUN)
illusion, Fig 3a shows how a real actuator, initially used
to recreate the localized hit number two with Method 1,
is replaced by this illusion in Method 2. Fig 3b shows
a scheme for rendering the FUN illusion. In this method,
a pair of actuators located in different areas of the skin
vibrate synchronously, creating an illusory or virtual actuator
positioned between the two real actuators. The location
of these virtual actuators depends on the intensity of
vibrations from each real actuator and varies according to
a specific envelope. In a study by David Alles in 1970 [8],
it was suggested that if the intensity of actuator vibrations
changes according to a logarithmic envelope, the perceived
vibrotactile loudness of FUN remains approximately constant
regardless of the evoked location.

In theory, and in contrast to CR, FUN could be sequentially
evoked at any location between the real actuators, as deduced
from Fig. 3b. Consequently, an illusion similar to CR can
be achieved using sequential arrangements of FUN or virtual
actuators. If the duration of the virtual actuator rendered with
FUN matches the duration of the pulses in CR, and the FUN
illusions are presented with the same regularity and in the
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FIGURE 3. This figure shows: (a) an example of 3 localized hits recreated
with 3 real actuators in a vibrotactile display (Method 1) and using two
real actuators for hits 1 and 3 and the Funneling (FUN) illusion for hit
number 2 (Method 2), and (b) a schematic representation of the
rendering method to evoke an out-of-the-body FUN in midair between the
hands, to recreate hit number 2 with a fixed Distance Between Actuators
(DBA), which corresponds to dmax- In blue and red are the logarithmic
envelopes that determine the intensity of actuators 1 and 2, respectively.

same quantity as the jumps in CR, this sequential change
in the location of a virtual actuator may closely recreate the
sensation evoked by the CR illusion. The resulting signals are
contrasted in Figure 4, where CR generates a sensation of a
point jumping ten times from actuator 1 to actuator 2, while
FUN recreates a similar sensation with a virtual actuator
sequentially changing location ten times from actuator 1 to
actuator 2. We will refer to this combined illusion as the
CR-FUN illusion. Notably, the Time Between Funneling
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FIGURE 4. This figure shows a schematic representation of a
spatio-temporal tactile illusion perceived as ten jumps from actuator 1 to
actuator 2. The illusion is rendered using the Cutaneous Rabbit (CR)
illusion (in the upper section of the figure) and the recreated CR using
Funneling illusions (CR-FUN) (bellow the CR illusion), with the
recommendations extracted from [7]. The Inter-Stimulus Onset Interval
(1SOI) of CR could be interpreted as the Time Between Funneling (TBF)
illusions of CR-FUN.

illusions (TBF) in the CR-FUN signals could be interpreted
as the ISOI observed in the CR signals.

For this CR-FUN illusion we address the following

research questions:

o We are uncertain whether individuals can distinguish
between CR or CR-FUN illusions. Additionally, we do
not know if one performs better than the other. In exper-
iment 1, a systematic experimental procedure was
designed to qualitatively compare CR with CR-FUN.

o As the ISOI of CR increases, there is a possibility
that the CR illusion may break apart. In experiment
2, we investigated the maximum ISOI and compared
it with the results reported by Geldard and Sher-
rick [7]. Furthermore, we determined the maximum
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TBF threshold of CR-FUN and contrasted it with the
maximum ISOI threshold of CR.

Moreover, while some researchers have successfully
evoked the FUN illusion in midair between two fingers [9],
we did not find any reports of CR being perceived out of
the body in midair. This information could be valuable if the
goal is to implement CR or FUN in vibrotactile interfaces for
virtual/augmented reality such as the Meta Quest Touch Pro
controllers [10], which users hold with their hands.

These contributions may signify opportunities for a more
efficient implementation of CR and FUN in multi-modal
displays. In Section II we briefly review some related
work. In Section III we describe the experimental design.
In Section IV we present the results of our investigation and
discuss about the results obtained. Finally, in Section V we
summarize the main findings of our research.

Il. RELATED WORK
FUN and CR may evoke similar spatio-temporal sensations,
such as motion, direction, and location. For instance, Sungjae
Hwang and Jung-hee Ryu [11] compared the perception of
direction information between CR and FUN. The results
showed better performance of CR for direction recognition
and also yielded faster responses in a steering wheel turning
task. However, the CR and FUN illusions did not have the
same spatio-temporal characteristics. In contrast, Topon Vis-
arrea et al. [12] designed a low-cost vibrotactile interface and
compared its performance in conveying direction using three
tactile illusions: CR, FUN, and phantom motion (a continu-
ous moving phantom sensation). The results showed better
overall performance of sequential FUN illusions. According
to the authors, the perception of direction was similar for
all the tactile illusions. Unfortunately, detailed methods
and statistical information were not provided to support
this conclusion. In this investigation the spatio-temporal
characteristics of FUN and CR were also different.
Furthermore, it is critical to consider the operating limits
when deciding whether to use FUN, CR, or both. Evaluating
the advantages and limitations of various tactile illusions to
enhance the resolution of a vibrotactile interface is a common
practice [13]° [14]° [15]. Geldard and Sherick studied the CR
variables and reported some thresholds in [7]. For instance,
they found that the maximum number of pulses to render
a CR illusion is eighteen pulses by actuator; beyond this
value, the illusion may break apart. The minimum number
of pulses is three, known as reduced CR [16]. In this case,
the first pulse (reference) and the third pulse (attractor)
are felt in actuator 1 and actuator 2, respectively, while
the second pulse (attractee) may be perceived as a single
point between the two real actuators; a single pulse alone
would not generate the tactile illusion. Additionally, the speed
of the moving points in the CR illusion is limited by the
ISOI thresholds. Geldard and Sherrick suggested that, for a
fixed number of five pulses per actuator, the ISOI threshold
at which the CR illusion breaks apart is approximately
200 milliseconds. Moreover, Gi-Hun Yang et al. successfully
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conveyed direction information using a variable ISOI with
CR [13]: 24 milliseconds between the pulses presented in
each actuator and 30 milliseconds between the last pulse of
actuator 1 and the first pulse of actuator 2. These direction
changes allowed the researchers to create different moving
patterns that were easily recognized by the participants
(achieving 92% performance).

In previous works, CR has been compared with sequential
arrangements of FUN, or virtual actuators, but under different
temporal and spatial conditions. In this work, we suggest
matching the spatio-temporal conditions of both tactile
illusions and compare the CR illusion with the CR-FUN
illusion resulting from this alignment.

Ill. TOOLS AND METHODS

We designed two randomized, blind, controlled experiments
based on methods extracted from relevant literature (see
Sections III-F3 and III-G1). These experiments were
conducted under the legislation recommended by the Comité
Etico de Experimentacién of the Universidad de Mélaga for
Experimentation Projects with Humans and its Tissues, avail-
able at https://www.uma.es/ceuma/info/123048/proyecto-de-
experimentacion-con-humanos-y-sus-tejidos-legislacion/. All
procedures were approved by the Comité Etico de Exper-
imentacion of the Universidad de Madlaga, with register
number CEUMA 58-2022-H in July 12, 2022. The Ethics
Committee of the Universidad Indoamérica validated our
experimental design based on the approval given by the
Universidad de Malaga. We adjusted the intensity of FUN
vibrations or CR pulses until we achieved a clear and
comfortable perception of the stimuli based on participant
feedback. Importantly, tactile stimulation did not reach or
exceed the pain threshold in any case.

A. MODEL TO RENDER THE CUTANEOUS RABBIT
ILLUSION

The stimuli to render the CR illusions were designed accord-
ing to the recommendations of Geldard and Sherrick [7].
Figure 1b shows a schematic representation of the rendered
CR tactile illusion, along with the signals sent to the actuators.
These signals generate a CR illusion from actuator 1 to
actuator 2, or from the left hand to the right hand (LR).
Specifically, five pulses are first presented in actuator 1 with
an ISOI of 0.078 seconds, a PW of 0.002 seconds, and
maximum relative intensity (see also Fig. 2). Subsequently,
the other five pulses with the same characteristics are
presented in actuator 2. Note that in Fig. 1b, the ISOI between
the last pulse of actuator 1 and the first pulse of actuator 2
remains the same.

B. MODEL TO RENDER THE FUNNELING ILLUSION

The model to create the FUN illusion was obtained from that
proposed by Lee et al. [9]. In their work, the relative intensity
of the vibrations for actuators 1 and 2 is calculated according
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to equations 1 and 2.
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where:
e ay, ay: are the intensity of vibrations of actuators 1 and 2,

respectively, to generate FUN at the relative distance d.

o Iy4y: is the maximum intensity of vibrations.

e d: is the relative distance at which the FUN is located
from actuator 1.

o dpnax: 1s the relative distance from actuator 1 to
actuator 2.

e r:isaconstant value.
Fig. 3b illustrates the output of equations 1 and 2. In the

example of the figure, we show the relative location of a
rendered FUN at a distance d; from actuator 1, while a
participant holds the actuators with their hands.

In the model, we set I, to 1. Additionally, we set r
to 1 to generate a smooth logarithmic envelope, following
the suggestion by Alles [8]. The maximum distance dqy
was set to 10. This allowed us to control relative variations
of d rather than actual distances, as proposed by Lee et al.
[9]. For example, if the DBA is 5cm, it corresponds to
dmax = 10 in the model. In this case, choosing a value
of d = 5 represents 50% of d,,, or 2.5cm. Consecuently,
this configuration generates a FUN illusion at the relative
location 5 (i.e. at the center) or at 2.5cm from actuator 1. With
these considerations, the model used in our experiments is
described by equations 3 and 4.

_ log(d +1)
ad) = (< ) 3)
log(11 —d
a)(d) = (%» )

Using this model, we can generate as many sequential FUN
illusions as required, with any duration, and at any location
between the real actuators.

C. APPARATUS
The signals to render CR and FUN illusions were exported as
waveform audio files (WAV) using the models implemented
in Matlab (See Sections III-A and III-B). We used the
open digital audio workstation (DAW) Audacity to arrange
the WAV files exported from Matlab according to the
corresponding experimental procedure requirements (see
Sections III-F3 and III-G1). Subsequently, the stereo signal
from Audacity was sent to an audio amplifier using the
compuiter’s audio output. The intensity of the vibrations was
controlled using the volume knob available on the amplifier.
Finally, the stereo output of the amplifier was routed to a pair
of voice coil actuators. Figure 5a shows the actuators built
by the authors, following the design proposed by Yao and
Hayward [17].

We measured the frequency response of the actuators
using a vibrometer. The difference between the acceleration
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FIGURE 5. This figure shows (a) the actuators built by the authors held,
by a participant, (b) the way participants were required to hold the
actuators in both experiments.

of actuators 1 and 2 was approximately 0.7g at the peak
frequency of 250Hz.

D. PILOT STUDY

The purpose of the pilot study was to establish proper
guidelines for the experimental design. Several volunteers,
including the authors, were asked to hold the actuators with
their hands, as shown in Fig. 5a. The high concentration
of mechanoreceptors in the fingertips facilitated adequate
perception of vibrations. Participants wore earmuffs and were
seated in a chair with armrests to maintain a natural and
relaxed position. Both tactile illusions were presented in a
loop, moving from one hand to the other (as shown in Fig. 4),
while participants provided feedback to the experimenter.

From this pilot study we established the following

guidelines:

« Itis feasible to render the CR illusion out of the body in
midair between the hands. According to the participants’
feedback, the CR illusion was consistently perceived.

« Some practice and good concentration is required to
properly perceive the FUN and CR tactile illusions.

o Features that may be perceived differently when ren-
dering CR using FUN include perceived direction,
perceived amount of jumps, and perceived duration.

« The difference between frequency responses of the
actuators did not affect the perception of either FUN
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or CR illusions. Similar results were found by Shirin
Kasaei and Vincent Levesque for a moving phantom
sensation in [18]. Other researchers also reached the
same conclusion when using different tactile displays
(such as a tablet and a smartwatch) to evoke tactile
illusions [19].

E. QUALITY INDICATOR: LEVEL OF CLARITY

We established a quality indicator to evaluate the clarity
of the perceived sensations in the practice session. This
indicator, named Level of Clarity (LOC), can take values
from O to 4, where O represents imperceptible, 1 represents
almost imperceptible, 2 represents not so clear, 3 represents
clear, and 4 represents very clear.

F. EXPERIMENT 1

The purpose of this experiment was to qualitatively compare
CR with CR recreated using FUN (CR-FUN). Participants
were seated in a chair with armrests, holding the actuators
with their hands. To minimize cross-modal interference,
participants closed their eyes and wore earmuffs (as shown
in Fig. 5).

1) PARTICIPANTS

A total of 24 participants were recruited from Universidad
Indoamerca in Quito - Ecuador. Among them, 16 were male
and 8 were female, aged between 16 and 59 years old
(M = 29.6,SD = 14). These participants took part in
both experiments, voluntarily agreeing to participate, signing
informed consent letters, and providing general information
through a questionnaire.

2) PRACTICE SESSION

The practice session aimed to familiarize participants with
the CR and CR-FUN illusions. The tactile illusions were
presented in random order. Each illusion was presented in
a loop, initially moving from actuator 1 to actuator 2 (left
to righ direction, LR), as explained in Section III-A and
exemplified in Fig. 4. Then, the illusion was presented in
reverse, from actuator 2 to actuator 1 (right to left direction,
RL). Rest periods of 0.5 seconds separated changes in
direction. Stimulation continued until participants reported
perceiving the illusion of “a smooth progression of jumps
from one hand to the other”. Participants successfully
recognized both CR and CR-FUN during the practice session.
CR was perceived with an LOC of 3 clear (Md = 3, IQR =
1), while CR-FUN was perceived with an LOC of 4 very clear
(Md =4,I0R = 1).

3) PROCEDURE OF THE MAIN EXPERIMENT

We designed four CR illusions with LR direction and four
with RL direction, following the characteristics described in
Section III-A and shown in Fig. 4. Additionally, using similar
characteristics and the approach described in Section I,
we designed four CR-FUN illusions with LR direction and
four with RL direction. CR illusions with LR direction
were paired with CR-FUN illusions with LR direction, and
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First group of stimuli Second group of stimuli

as 2

CR CR-FUN

FIGURE 6. This figure shows a stereo strip from Audacity showing a
sequence of Cutaneous Rabbit (CR) on the left and CR recreated using
Funneling (CR-FUN) on the right with 1-second pause, both with right to
left (RL) direction. The name used to refer to the tactile illusions when
asking the questions to the participants is labeled above each tactile
illusion: first group and second group of stimuli.

CR illusions with RL direction were paired with CR-FUN
illusions with RL direction. Each pair was sequentially
arranged in stereo strips in Audacity, with 1-second pauses
(as exemplified in Fig. 6). Four pairs started with CR and
the other four started with CR-FUN, to avoid order effects.
In total, we conducted eight trials. Initially, we presented the
stimuli once, and participants were allowed to repeat them as
many times as necessary to ensure reliable responses. When
asking the questions, we referred to the first tactile illusion
of every trial as the First group of stimuli and the second
tactile illusion as the Second Group of stimuli, to not prime the
participant about the type of tactile illusion that was presented
first or second (See Fig. 6).

We gathered qualitative data based on the following

indicators:

o Perception of the illusion. Participants answered a two-
alternative forced-choice question: “Did you perceive
a successive progression of jumps traveling from one
actuator to the other with both groups of stimuli?”’
Possible answers: “Yes” or “No”. If the answer was
“No”, we asked a second question: “Which group did
not evoke the illusion?”” Possible answers: “First group”™
or “Second group”. Note that although all participants
reported perceiving the illusions in the practice session,
tactile illusions can be fragile and may not always be
elicited or may suddenly break apart.

o Perceived direction. Participants answered two two-
alternative forced-choice questions: ‘“What was the
direction of the jumps in the first group of stimuli?”
and “What was the direction in the second group of
stimuli?” Possible answers for either question: “Left
to Right (LR)” or “Right to Left (RL)”. Even if the
illusion was not perceived, participants might still have
perceived a sensation of direction, especially with CR
where the actuators are activated asynchronously (i.e.,
actuator 1 first and then actuator 2, or vice-versa).

o Perceived amount of jumps. Participants answered a
three-alternative forced-choice question: ‘“How would
you compare the amount of jumps in each group of
stimuli?”’ Possible answers: ‘“‘the same”, ‘“the first
group had more”, or “the second group had more”.

o Perceived duration. Participants answered a three-
alternative forced-choice question: ‘“How would you
compare the duration of each group of stimuli?”
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Possible answers: “‘the same”, “‘the first group lasted
more”, or “‘the second group lasted more™.

e Similarity. Participants answered a four-alternative
forced-choice question: “How similar the first and
second group of stimuli were?”” Possible options were in
ascale from 0 to 3: O (completely different), 1 (different),
2 (similar), and 3 (exactly the same).

e Overall feedback. At the end of experiment 1, we pre-
sented a single trial containing CR and CR-FUN
illusions (in random order and direction). Participants
were asked an open-ended question: “Could you
describe in your own words the differences that you
perceived between the groups of stimuli?”’ to obtain
a richer overall qualitative evaluation of both CR and
CR-FUN. We gathered, grouped, and summarized the

most relevant information from their responses.
Once the participants gave their overall feedback about

the experience in experiment 1, they proceeded with
experiment 2.

G. EXPERIMENT 2

In this experiment we determined the upper threshold of
the Inter-Stimulus Onset Interval (ISOI) for CR and the
Time Between Funneling illusions (TBF) for CR-FUN when
the illusions break apart. We used a chair with armrests,
as in experiment 1, and asked the participants to close their
eyes and wear earmuffs to avoid cross-modal interference,
as shown in Fig. 5.

1) PROCEDURE OF THE MAIN EXPERIMENT

We designed twelve CR and twelve CR-FUN illusions with
the following ascending ISOI and TBF values, respectively:
80, 100, 120, 140, 160, 180, 200, 240, 280, 320, 360, and
400 milliseconds. One session in Audacity contained the
twelve CR illusions arranged in independent stereo channel
strips to easily switch from one ISOI to the next using
the Solo function. Another session in Audacity contained
the twelve CR-FUN illusions, also arranged in independent
stereo channel strips, facilitating switching from one TBF to
the next. Participants evaluated the ISOI and TBF thresholds
separately; the order of this evaluation was randomized.
Initially, we presented the participants the CR (or CR-FUN)
illusion with an ISOI (or TBF) of 80 milliseconds looping as
in the practice session; from left to right (LR) and backwards
from right to left (RL), with pauses of 0.5 seconds between
changes of direction. We gradually increased the ISOI (or
TBF) until the participant reported that the illusion broke
apart. The value of ISOI (or TBF) just before the illusion
disappeared was recorded. We repeated the procedure for
CR-FUN (or CR).

IV. RESULTS AND DISCUSSIONS

Before processing the data gathered in each experiment,
we verified its distribution using two methods: visual and
mathematical. We employed g-q plots to visually assess the
distribution of the data. For statistical analysis, we used the
Shapiro-Wilk test. All data samples exhibited a non-normal
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distribution. Therefore, we used appropriate non-parametric
statistical methods for further data processing.

A. RESULTS OF EXPERIMENT 1

1) PERCEPTION OF THE ILLUSION

To process the data, we first added up the number of times
each participant reported successful recognition of CR and
CR-FUN. We then calculated the corresponding percentage
and computed the median performance across all participants.
We used a non-parametric Wilcoxon (W) signed ranks test for
matched pairs to compare the medians of perceived CR and
CR-FUN. We found that participants performed significantly
better at recognizing CR-FUN (Md = 100%, IQR = 0) than
CR (Md = 100%, IQR = 50), with W = 67,z =2.2,p <
0.05. Fig. 7a shows a box plot of successful perception of CR
and CR-FUN.

2) PERCEIVED DIRECTION

Before processing the data, we added up the number of
times each participant reported successful recognition of
direction, as in the previous point. We then calculated
the median performance across all participants. We used a
non-parametric Wilcoxon (W) signed ranks test for matched
pairs to compare the medians of perceived direction of
CR and CR-FUN. We found that participants performed
significantly better at recognizing the direction of CR (Md =
100%, IQR = 0) than the direction of CR-FUN (Md =
100%, IQR = 12.5), with W = 3,z = =2.35, p < 0.05.
Fig. 7b shows a box plot of successful perception of the
direction of CR and CR-FUN.

3) PERCEIVED DURATION

We calculated the number of pairs of CR and CR-FUN that
were perceived with equal duration (Eq), with longer duration
in CR-FUN (CR-FUN+), and with longer duration in CR
(CR+) for each participant. Then we expressed these results
as a proportion of the eight pairs that were presented and cal-
culated the proportions for the whole sample. We can see in
the stacked bar graph on the left of Fig. 8a that most of the par-
ticipants perceived longer duration in CR-FUN (54%) than
equal duration (39%) and than longer duration in CR (8%).

4) PERCEIVED AMOUNT OF JUMPS

For each participant, we calculated the number of pairs of
CR and CR-FUN that were perceived with equal amount of
jumps (Eq), with more jumps in CR-FUN (CR-FUN+-), and
with more jumps in CR (CR+). We expressed these results
as a proportion of the eight pairs that were presented to each
participant and then calculated the proportions for the whole
sample. We can see in the stacked bar graph on the right of
Fig. 8a that most of the participants perceived more jumps in
CR-FUN (65%) than equal amount of jumps (32%) and than
more jumps in CR (3%).

5) SIMILARITY
Each pair of CR and CR-FUN was evaluated using the
similarity scale. For each participant, we added up all the
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FIGURE 7. This figure shows box plots of data gathered in experiment
1 for (a) successful perception of Cutaneous Rabbit (CR) and CR recreated
using Funneling (CR-FUN), and (b) successful recognition of the direction
of jumps for CR and CR-FUN.

qualifications and calculated the proportion from the eight
trials presented and then for the whole sample. Fig. 8b shows
a stacked bar graph with the results. According to these
calculations, most of the participants perceived the pairs of
CR and CR-FUN as different (54%), followed by similar
(25%), then completely different (15%), and finally exactly
the same (6%).

6) OVERALL FEEDBACK

To complement these results, we classified the overall feed-
back obtained from the final open question. We summarize
the following:

« Participants P1, P5, P6, P9, P10, P13, P14, P15, P17, and
P24 reported that in some CR the illusions, there was a
space in the middle, either like a larger jump or a pause.

« Participants P4, P8, P12, and P24 reported that some CR
illusions went directly to the other hand without jumps
transferring between the actuators.

« Participants P1, P13, P14, P15, and P17 reported that the
CR-FUN illusions were more continuous than the CR
illusions.

« Participant P8 reported that only the CR-FUN illusions
accomplished the whole trajectory.

« Participant P24 reported that some CR-FUNs were felt
in both hands at once, not in midair.

« Participant P3 reported that some CR-FUN illusions did
not indicate a direction, so he/she could not perceive that
the points reached the other hand.
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FIGURE 8. This figure shows stacked bar graphs of data gathered in
experiment 2 for (a) pairs of Cutaneous Rabbit (CR) and CR recreated
using Funneling (CR-FUN) by perceived duration and amount of jumps,
and (b) pairs of CR and CR-FUN by similarity.

« Participant P11 reported that in some CR-FUN illusions,
the jumps were felt in the same place.

o Participants PS5, P6, P7, P17 reported that the main
differences between both CR and CR-FUN were the
number of jumps and the duration. They considered that
CR-FUN had more jumps and therefore lasted longer.

o Participant P12 described the difference between CR
and CR-FUN as the “speed of the jumps”; CR was
perceived as faster than CR-FUN.

« Participant P18 perceived that CR had less intensity than
CR-FUN.

7) DISCUSSION

In experiment 1, we recreated the cutaneous rabbit (CR)
illusion using the funneling (FUN) illusion, which we
referred to as the CR-FUN illusion. In a practice session,
we presented both CR and CR-FUN to the participants, who
successfully recognized both illusions. Then, to compare the
rendering methods proposed in this experiment, we presented
the participants with pairs of CR and CR-FUN and asked five
forced-choice questions. We also asked a final open question,
which we used as complementary feedback to reinforce the
results of Experiment 1.

According to our results, the CR-FUN illusion was better
perceived than the CR illusion. This result aligns with that
reported by Topon Visarrea et al. [12], where even with
spatio-temporal differences between CR and the arranged
FUN illusions, FUN was better perceived. Participants
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reported that an important reason for this difference was that
CR was perceived with an empty space in between the jumps,
like a larger jump or a pause in the middle of the motion.
Moreover, some participants considered that the CR-FUN
illusion created a more continuous sensation. If the purpose
of a vibrotactile interface is to evoke a robust illusion of
jumps progressively moving between the hands, a recreated
CR using FUN might be a more reliable option.

Furthermore, CR-FUN was perceived with more jumps
than CR, which aligns with the reports of longer duration
perceived in CR-FUN. In fact, participants indicated that
the most relevant differences between CR and CR-FUN
were the amount of jumps and the perceived duration. Some
participants reported that CR went directly to the other hand
without jumps transferring the hopping rabbit in the middle,
implying that the motion was faster. However, this contradicts
the reports of some participants that CR evoked a larger jump
in the middle or a pause, which should be perceived as a
longer illusion. We consider that more research is required
to better understand this conflict.

Finally, we suggest that all the differences described above
affect the perception of similarity, where about 54% of the
sample considered that CR and CR-FUN were different, and
only about 25% considered that they were similar. If CR
and CR-FUN are implemented in a vibrotactile interface, the
designer must be aware that combined sequences of CR and
CR-FUN may provoke perceptual differences.

B. RESULTS OF EXPERIMENT 2

The results of experiment 2 show that the CR illusion was
perceived up until an ISOI of 190 milliseconds (Md =
190ms, IR = 100ms) and broke apart at an ISOI of
200 milliseconds (Md = 200ms, IQR = 120ms). Only for
participants P2, P5, and P13, who represented 12.5% of the
sample, the CR illusion did not break apart for any of the
ISOI values explored in this experiment. In contrast, only
for participants P1, P2, P6, P11, and P17, who represented
21% of the sample, the CR-FUN illusion broke apart at 280,
200, 320, 360, and 200 milliseconds, respectively. In general,
CR-FUN was consistently perceived up to 400 milliseconds
(Md = 400ms, IQR = Oms), corresponding to the maximum
TBF tested in this experiment. Due to experiment duration
constrains, it was not possible to explore longer TBFs. Fig. 9
shows a box plot with the median ISOI and TBF values up
until the illusions were perceived.

1) DISCUSSION

In experiment 2, we rendered the CR and CR-FUN illusions
while increasing the ISOI and TBF, respectively. Participants
reported when the illusion broke apart. In the case of CR,
we found that the maximum ISOI for consistent perception of
the illusion was 190 milliseconds, and the CR illusion broke
apart at approximately 200 milliseconds. Our finding agrees
with that reported by Geldard and Sherrick [7]. We suggest
that, beyond this threshold, the neural system of individuals
may not be able to integrate the stimuli due to the wide
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FIGURE 9. This figure shows a box plot of the reported Inter-Stimulus
Onset Interval (1SOI) and Time Between Funneling (TBF) up until the
Cutaneous Rabbit (CR) and CR recreated using Funneling (CR-FUN)
illusions, respectively, were consistently perceived.

spaces between pulses. In contrast, we were unable to find
the upper TBF threshold since the CR-FUN illusion, overall,
did not break apart for any of the TBF values explored in this
experiment. Since we do not know what would happen with
longer TBF values, this upper threshold remains uncertain.
Most of the participants reported consistent perception of the
CR-FUN illusion even at a TBF of 400 milliseconds. Further
investigation is required to ascertain what would happen to
the CR-FUN illusion over a TFB value of 400 milliseconds.
However, in the range from around 200 to 400 milliseconds,
CR-FUN may reliably replace CR.

V. CONCLUSION

In this work, two experiments were performed to compare the
Cuttaneous Rabbit (CR) illusion with the Funneling (FUN)
illusion. We designed these experiments to aid developers in
deciding when to use one or the other tactile illusion. Firstly,
our results show that CR and FUN are spatio-temporal tactile
illusions that can be evoked out of the body in midair between
the hands. Most individuals perceived these tactile illusions
as different. Participants highlighted the number of jumps
and the duration as the most relevant differences between CR
and CR-FUN. We consider that these differences arise mainly
because in CR, the first five pulses are presented in actuator
one and then the other five pulses are presented in actuator
two, which sometimes evokes a pause or large jump in the
middle of the jumping motion and may break the illusion
apart. Furthermore, our results suggest that it may be possible
to use CR-FUN instead of CR for Inter-Stimulus Onset
Interval (ISOI) values longer than the upper threshold of
CR, which is approximately 190 milliseconds. The maximum
Time Between Funelling (TBF) we tested in our experiment
was 400ms, which is more than twice the maximum ISOI
for CR, and for which CR-FUN was robust. Nevertheless,
it remains uncertain how long the TBF could be to keep a
robust CR-FUN illusion. Overall, CR-FUN performed better
than CR, suggesting that CR-FUN may successfully replace
and even outperform, or be combined with, the CR illusion
when required. Specifically, in scenarios where it is important
to recognize the effect of a variable number of successive
points transferring between the actuators at different speeds,
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i.e. applications that need flexibility, CR-FUN may work
better. Conversely, in scenarios where the recognition of
the direction of motion is more relevant, both CR and
CR-FUN could be implemented. However, researchers and
practitioners must be aware of the perceptual differences that
may appear.

SUPPLEMENTARY MATERIAL
Find the data that supports this investigation in the following
link: Click here to access data that supports this investigation.
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