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Abstract

When designing a haptic interface, simplicity is crucial to avoid negative effects caused by exces-
sive weight and complexity. Using multimodal information, haptic illusions, and providing context
are known to create simpler interfaces. We have previously proposed the use of single overlapped
vibrotactile stimulation (SOVS) for presenting spatiotemporal tactile perception, a method that simul-
taneously presents overlapped waveforms to multiple body parts. There, the acceleration measured
from a person dribbling a basketball with an accelerometer positioned on the index finger and the floor
was overlapped to present as stimuli. When the stimuli were presented simultaneously to the hand and
the feet, it demonstrated a dribbling sensation, like an imaginary ball moving back and forth between
the hand and the feet. This demonstrated the potential to eliminate the need for time synchronization
and reduce the number of required channels, ultimately leading to the development of simple haptic
interfaces that enhance an immersive experience. In this paper, we aim to investigate the key factor
behind the perception of SOVS using simple vibrotactile stimuli. The first experiment measured the
occurrence rate of the dribbling feeling for different combinations of prepared stimuli, and the results
show that the combination of two different input amplitudes is crucial for the occurrence rate of the
phenomenon. The second experiment assessed how realistic each stimulus, presented to the hand and
the feet separately, felt to the participants. The results show that for the hand, the perceived reality
corresponded to the strength of input amplitude, whereas the second-strongest input amplitude was
perceived as most realistic for the feet. This suggests that when the combination consists of duplicate
input amplitudes and/or those with low perceived reality, the occurrence rate tends to decrease.
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1. Introduction

Advancements in haptic technology have facilitated the adoption of haptic
stimuli, which are currently being explored and developed. These advances
have the potential to enhance experiences and performance in areas such
as manufacturing, medicine, rehabilitation, entertainment, and skill training.
Numerous studies have demonstrated that haptic stimuli improve immersion
(Sallnds, 2010) and task performance (Galambos, 2012; O’Malley et al.,
20006). For example, integrating haptic information such as texture and force
with visual information enhances immersion and the sense of presence in vir-
tual reality (Achibet et al., 2015; Shirota et al., 2019), enabling users to feel
as if they are interacting with a digital object (Wee et al., 2021). In 2D naviga-
tion, vibrotactile feedback for directional guidance has significantly improved
performance (Jeon et al., 2013). Presenting music as vibrotactile stimuli to
areas like the collarbone (Sakuragi et al., 2015) or upper body (Yamazaki et
al., 2016) can also increase the immersion of music listening experiences.

Despite these benefits, the adoption of haptic stimuli can also present limi-
tations that interfere with the experience. The implementation of haptic stimuli
often requires actuators to interact with a person’s body or environment phys-
ically. This can be inconvenient from the perspective of the disturbance of
perception and efficiency due to the excessive weight, physical contact, and
complexity of the interface (Yao et al., 2024). In addition, delivering stimuli
to different parts of the body requires multiple channels, which often increase
the number of connected cables to the interface as well as the weight and num-
ber of physical interactions. These can restrict the degree of freedom, limiting
the user’s mobility, which is known to be crucial for immersion (Mott et al.,
2020). Yan et al. (2019) reported that stimulus timing is also critical across
different modalities. Thus, it is crucial to keep the interface design as simple
as possible to avoid negative effects caused by these limitations.

One example of an effective approach to achieving simpler designs for hap-
tic stimuli is leveraging principles of human perception. Understanding how
humans perceive sensory information through dominant cues can enable sim-
pler and more efficient interface designs. For example, applying lateral force
feedback has been demonstrated to simulate a bumping feeling (Robles-De-
La-Torre and Hayward, 2001). This innovation has not only improved the
rendering for vibrotactile stimulation but also advanced surface haptics by
enabling the presentation of texture and roughness on physical surfaces like
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touchscreens. This study allowed the elimination of the need for vertical move-
ment and has enabled thinner designs in interfaces (Kim et al., 2022). In addi-
tion to leveraging principles of human perception, haptic illusory phenomena
can also be useful to simplify interfaces. For example, there are phantom sen-
sations (Kato et al., 2010) and tactile apparent motion (Hachisu and Suzuki,
2018). The phantom sensation creates the illusion of stimulus location, allow-
ing people to feel a haptic perception at a location without physical interaction.
Tactile apparent motion can generate a sensation of movement across multiple
body parts using several fixed actuators. As another example of a phenomenon
where the actuator numbers do not align with the perceived feeling is Gel-
dard’s cutaneous rabbit illusion (Geldard and Sherrick, 1972). This illusion
is evoked by tapping two or more parts of the arm to create the sensation
of taps hopping up the arm, even to places without any physical interaction.
These phenomena indicate that haptic illusory phenomena can cause people to
perceive discrete mechanical stimuli as a continuous movement of an object,
which shows the possibility of reducing the number of actuators required to
present a particular moving feeling.

Additionally, presenting multimodal information and context can signifi-
cantly influence sensory perception and cognition. Prior studies have shown
that vibrotactile stimuli combined with auditory stimuli can modify percep-
tions of intensity (Won and Altinsoy, 2020), roughness, and density (Kim et
al.,2007). This indicates that multimodal information has the potential to con-
vey experiences that surpass the physical limitations of mechanical stimuli.
A compelling example of leveraging multimodal information is the creation
of pseudo-haptic sensations using sensory inputs besides haptic stimuli. When
body movements and visual or auditory stimuli output are misaligned, pseudo-
haptic feedback can be simulated by manipulating graphical responses based
on user input. For instance, Paljic et al. (2004) and Lecuyer et al. (2000)
demonstrated this by altering the motion response of a visual element, creating
an illusional force feedback. Contextual cues also significantly enhance haptic
experiences. For example, Hayward and MacLean (2007) demonstrated that
moving a bar with a vibrotactile actuator back and forth could create the illu-
sion of a ball moving inside the bar. Similarly, the Techtile Toolkit also showed
that watching marbles fall into a cup while feeling vibrations recorded through
a microphone under the cup could make users perceive they were holding a cup
being filled with marbles, even when the cup was empty (Minamizawa et al.,
2012). In mental imagery (MI), various MI modalities — such as visual, audi-
tory, and tactile — can activate the corresponding sensory cortices (Nierhaus et
al., 2023). These examples suggest that contextual cues, including individual
images, can potentially impact sensory perception across different modalities
to substitute the options, such as increasing the number of actuators, dynami-
cally moving the actuators in response to motion, or precise motion tracking.
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Vibrotactile Actuator

Acceleration Measurement Point
for Volume Adjustment

Figure 1. Handheld device used in the presentation system, designed to resemble a basketball,
features a 5 mm groove. The vibrator is positioned behind the top to ensure even vibration
distribution throughout the device, and the white point on the top is where we measured the
acceleration of each adopted stimulus to adjust the amplitude volume throughout the experiment
in advance. The accelerometer was taken off and was not measured during the experiment.

Our previous study demonstrated a pseudo-dribbling basketball experience
using single overlapped vibrotactile stimulation (SOVS) (Kuhara et al., 2023).
We measured acceleration of a person dribbling a basketball using an accel-
eration sensor positioned on the index finger and the floor. We overlapped the
two vibrations and presented them simultaneously to both the hand and feet
through a specific device. The experimental results revealed that even when
the same information was presented simultaneously to the hand and feet, par-
ticipants experienced a dribbling sensation akin to an imaginary ball moving
alternately between them. Additionally, we found that the direction of atten-
tion influenced the phenomenon, suggesting that the individual’s mental image
of a basketball dribble also plays a role. The use of SOVS helps mitigate issues
related to time synchronization when presenting stimuli to multiple body parts
and reduces the number of channels required to create coordinated sensations
across different locations. Thus, the main goal of this research is to elicit the
critical factors for the pseudo-dribbling experience using SOVS. In this paper,
we investigated the potential of inducing this pseudo-dribbling phenomenon
with simple vibrotactile stimuli by conducting two experiments, each focus-
ing primarily on intensity and reality to reveal the relationships between the
phenomenon’s occurrence.

2. Presentation System

We used the pseudo-dribbling system from our previous study (Kuhara et al.,
2023). The system consists of a handheld device and footwear devices, as
shown in Figs 1 and 2. Each device was designed to resemble the structure
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Figure 2. Footwear devices used for the presentation system; the supporting legs made of ASA
had a height of 80 mm. The white point on the top is where we measured the acceleration of
each adopted stimulus to adjust the amplitude volume throughout the experiment in advance.
The accelerometer was taken off and wasn’t measured during the experiment.
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Figure 3. An example of the created stimulus (S5): a decaying 85 Hz sinusoidal with a duration
0.35 s and input amplitude of 1.0.

of a basketball and the gymnasium floor, with a vibrotactile actuator (Fos-
ter, 639897 & Acouve Lab., VP4) in each, used to present the stimuli. The
amplitude of both devices was adjusted to output the same acceleration when
presenting the same stimulus. The handheld device is a half-sphere with a
diameter of 110 mm and a thickness of 2 mm, 3D-printed using acrylonitrite
styrene acrylate (ASA). It is designed to be comfortably held by an adult with
one hand. The footwear devices were an acrylonitrile butadiene styrene (ABS)
plate measuring 300 x 200 x 1.5 mm, with supporting legs printed with ASA
material, capable of holding the weight of an adult.

We prepared five stimuli (S1, S2, S3, S4 and S5) for the experiments, each
providing different intensities using the same vibration waveform. Figure 3

Downloaded for personal academic use. All rights reserved. https://papernode.online/


https://ballisticcomainvitation.com/t2e548yr3v?key=403e8f291d0b160c8210d10a973a50a9

384 T. Kuhara et al. / Multisensory Research 39 (2026) 379-398

shows an example of the adopted waveform. We used a constant sinusoidal
wave multiplied by an exponential decay for the waveform, as given by

y = sinQ2r f1)e 1) (1)

where the frequency f is 85 Hz, and ¢ represents time. Each waveform was
generated at a sampling frequency of 10 kHz with a duration of 0.35 s. In many
situations where people try to present impacts, decaying waveforms are well-
used (Hachisu et al., 2011). Thus, we also adopted an exponentially decaying
sinusoidal wave to present the impact of the basketball hitting the hand and
the floor. The adopted parameters of the waveform were chosen based on
preliminary experiments that found it produced the most ballbouncing-like
texture. With 1.0 as the maximum input amplitude due to the limit of the out-
put device, the five intensity levels were determined using the maximum input
amplitude of 0.2 (S1), 0.4 (S2), 0.6 (S3), 0.8 (S4) and 1.0 (S5), correspond-
ing to maximum accelerations of 37, 39, 41, 43 and 45 m/s2, respectively.
The acceleration of each intensity level was measured in advance to adjust the
amplifier’s volume so the stimuli presented to the hand and the feet had the
same amplitude, although using different vibrotactile actuators.

3. Methods
3.1. PFarticipants

We conducted two experiments to identify the combination of conditions
that induce a dribbling sensation when presenting SOVS. Thirty participants
(23 male and seven female; 28 right-handed and two left-handed) participated
in all experiments, with an honorarium of 1050 JPY (approximately 7.2 USD).
The participants were first asked to complete a questionnaire to determine their
dominant hand (Coren, 1992). The experiments were conducted in accordance
with the Declaration of Helsinki and were approved by the Ethics Committee
of Nagoya Institute of Technology (2021-8).

Each participant was informed in advance about the purpose of the experi-
ment, the method used, and the phenomenon they were expected to perceive:
“During the experiment, we will present multiple vibrotactile stimuli to your
hands and feet using handheld and footwear devices. The stimulus presented
to your hands and feet will be the same vibration throughout the experi-
ment. However, at times, you may experience the sensation of an imaginary
ball moving up and down between your hands and feet. The goal of these
experiments is to investigate whether this phenomenon is consistent across
individuals and to determine the conditions needed to elicit this specific sen-
sation”.

After the explanation, the participants were asked to hold the handheld
device with their dominant hand and step on the footwear devices with each
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Figure 4. Experimental environment: The participants had a monitor showing an animated bas-
ketball moving up and down in front of them for experiment 1 and showed a black screen for
experiment 2. For the posture throughout the experiment, all of the participants were asked
to hold the handheld device with their dominant hand in front of their body and step on the
footwear devices with their socks on. Both the handheld device and footwear devices presented
the same stimulus simultaneously.

foot. They were also instructed about their posture throughout the experiment.
Figure 4 shows the experimental environment and the posture the participants
were instructed to hold. The participants had a monitor in front of them and
were instructed to stand straight, with the hand holding the handheld device
positioned in front of their body. Additionally, it was explained that if they
felt the handheld device slipping and thought they might drop it during the
experiment, they were allowed to hold onto the edges of the device using their
thumbs or pinky fingers.

3.2. Experiment 1: Intensity Combination

For the first experiment, we tested whether the intensity difference of the com-
bination presented as SOVS could induce the pseudo-dribbling phenomenon.
The intensity of a vibrotactile stimulus is known to affect the experience
directly (Bochereau et al., 2014). We believed it is possible to explore the
principles related to the dribbling phenomenon using the adopted simple wave-
forms of a decaying 85-Hz sinusoidal wave. During the preliminary experi-
ment, we found that the bouncing feeling also decreased when the amplitude
of the adopted stimuli was low. Thus, we hypothesized that the intensity is also
an important factor for the pseudo-dribbling phenomenon that occurs using
SOVS. Figure 5 shows two examples of a combination presented as SOVS. For
each combination, one of the created stimuli overlapped (S1, S2, S3, S4 and
S5) with another that was delayed by 0.5 s. All combinations were designed so
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Figure 5. Two examples of combinations used as SOVS: (Top) S1-S5, which combines S1 and
0.5 s delayed S5; (bottom) S5-S5, which combines stimulus 5 and a 0.5 s delayed S5.

Table 1.
Combination of stimuli for SOVS

Overlapped stimulus 0.5 s delayed stimulus (input max. amplitude)

S1(0.2) 52 (0.4) S3(0.6) 5S4 (0.8) S5 (1.0)

S1(0.2) S1-S1

S2(0.4) S2-S1 S2-S2

S3 (0.6) S3-S1 S3-S2 S3-S3

S4 (0.8) S4-S1 S4-S2 S4-S3 S4-S4

S1(1.0) S5-S1 S5-S2 S5-S3 S5-S4 S5-S5

that the first stimulus was presented for 0.0 to 0.35 s and the second stimulus
for 0.5 to 0.85 s, and would repeat every second. The overlapped combina-
tion was presented 10 times repeatedly, totaling 20 vibrations, with the entire
sequence completed in approximately 11 s. We overlapped all combinations of
the created five stimuli, excluding the already tested combinations, resulting
in a total of 15 combinations, as shown in Table 1. The prepared combinations
were presented once, randomly, to minimize the effects of stress and fatigue
during the experiment.

During our preliminary experiment, we found that some combinations
produced a dribbling sensation that was approximately twice as fast as the
expected dribbling feeling. To evaluate whether the participants experienced
the desired dribbling sensation, during the experiment we presented, on a
monitor in front of them, an animated basketball moving up and down at a fre-
quency of 1 Hz as shown in Fig. 6, which was consistent with a tactile stimulus
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Figure 6. Presented animation of dribbling. The ball, depicted as a circle with a diameter of
55 mm, moved up and down for a distance of 170 mm on the monitor in front of the participants.

of a single stimulus presented alternately to the hand and the feet. To reduce
the influence of visual context, the animation was not synchronized with the
vibrotactile stimuli, and the participants were not instructed on when to view
the animation. The animation of the basketball enabled a comparison between
the perceived feeling and the expected dribbling sensation. After each stim-
ulus presentation, the participants were asked whether they felt the speed of
the imaginary ball’s dribbling movement was the same as that of the animated
basketball moving up and down in front of them during the experiment. The
participants were instructed to answer ‘Yes’ only when they felt the dribbling
sensation and the speeds of the imaginary and animated balls were similar.
If the participants did not feel the dribbling sensation or the movement speed
differed from that of the animated basketball, they were instructed to answer
‘No’. From the responses of all participants, an occurrence rate was calculated
for each combination.

For the data collected from the first experiment, we conducted a bino-
mial test for each answer and applied a Bonferroni correction to determine
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whether the answers were statistically significant against the chance level
(0.5). Furthermore, to assess whether the intensity of the overlapped vibro-
tactile stimuli represents the pseudo-dribbling phenomenon, we conducted a
multiple-regression analysis represented by

Z=a(x -y +bx+y)’+c 2)

where Z represents the occurrence rate of the phenomenon, and a, b and ¢
are the coefficients for each factor, with x and y representing each stimu-
lus’s overlapped intensity levels (peak acceleration). We adopted equation (2)
because previous studies have shown that the perceived vibrotactile inten-
sity correlates with the power spectrum (Bensmaia et al., 2005) and absorbed
power (Hwang et al., 2013). Since the stimulus involved only one frequency
component, the power spectrum and waveform energy, derived from the time
domain, can be calculated as the square of the waveform using Parseval’s the-
orem. To differentiate the overlapping vibrotactile stimuli, we hypothesized
that both the intensity difference and the overall intensity would be critical
factors. Consequently, we used (x — y)2 and (x + y)2 in the regression model.
To assess the accuracy of this model, we conducted an analysis of variance
(ANOVA).

3.3. Experiment 2: Effect of Reality

In the second experiment, we evaluated the order of reality for the five
stimuli created to investigate the relationship between the occurrence of the
phenomenon. Experiment 1 was conducted first, followed by experiment 2
because asking about the reality first might induce an impression bias —
where participants associate a high reality with the feeling of dribbling, thus
potentially affecting their evaluations — and since the factors underlying the
dribbling experience remain unclear, participants were first asked to assess
whether or not they experienced the dribbling sensation in experiment 1. For
experiment 2, each stimulus was presented three times, with a 0.5-s silent
interval between each presentation. The stimuli were presented in a random
order. The experiment was controlled via a graphical user interface (GUI), as
shown in Fig. 7. After each stimulus was presented in each trial, participants
were asked to rank the order of realism for each stimulus. This method was
conducted for both the hand and the feet separately, and the starting order
for evaluation on the hand or the feet was counterbalanced among partici-
pants.

Participants were asked to rank the stimuli using the following method:
first, the first and second stimuli shown on the GUI, anonymized in a random
order, were presented, and participants were asked which stimulus felt more
realistic. Participants were asked to imagine a ball hitting their hand during a
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Play File 1 File 1:

Play File 2

Play File 3

Play File 4

Play File 5

Record Results

Results:

Figure 7. GUI for experiment 2: The experimenter inputted all answers, and the GUI was dis-
played to the participants to ensure their responses were recorded.

basketball dribble for the stimulus presented to the hand, imagine a ball hitting
the gym floor for the stimulus presented to the feet, and compare their image
with the presented stimuli. After the participants answered which stimulus was
more realistic, the third stimulus was then presented, and participants ranked
the third stimulus in terms of reality. The same procedure was followed for
the fourth and fifth stimuli. Responses were recorded using the GUI. After
the participants had ranked all five stimuli, each stimulus was presented again
in the order of the answered rank of reality to allow participants to ensure
their answers. After reviewing their answers, participants were asked if they
would like to change their rankings. If they answered ‘yes’, adjustments were
made before recording the final rankings; if not, the answers were recorded as
provided.

For the second experiment, we conducted a Friedman test to assess differ-
ences in perceived reality across the five stimuli. When a significant difference
was found, the Wilcoxon signed-rank test with Bonferroni correction was
applied for post-hoc multiple comparisons.
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Figure 8. A heatmap showing the occurrence rate of the pseudo-dribbling phenomenon; the
number in each cell represents the occurrence rate calculated for each stimulus, and the upper-
right corner displays the combinations already implemented, which were excluded from exper-
iment 1.

4. Results
4.1. Intensity Combination

The results of experiment 1 are shown in Fig. 8 as a heatmap. The horizontal
and vertical axes represent the combined stimulus, and each cell represents
the combination of the horizontal and vertical stimulus. Each number inside
the cell indicates the probability of a ‘Yes’ answer for each combination. The
results show that the combination S1-S4 had the highest probability of 0.77,
while the duplicate combination S1-S1 had the lowest probability of 0.27.
These results suggest that different stimulus combinations influence the occur-
rence rate of the pseudo-dribbling phenomenon. The binomial test with Bon-
ferroni correction against the chance rate (0.5) revealed a significant tendency
of a high occurrence rate with the combination of S1-S4 (adj. p = 0.078),
and the duplicate combination S1-S1 showed a significant low tendency in
the occurrence rate (adj. p = 0.078).

For the multiple-regression model, the coefficient values were obtained, and
the model is represented as follows:

Z =0.014(x — y)? — 0.002(x + y)> + 0.58 3)
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Figure 9. Regression model of the occurrence rate of the pseudo-dribbling phenomenon: the
relationship between the predicted occurrence frequency and the observed occurrence frequency
is shown as a scatter plot, and the red dotted line is shown as an ideal relationship with the
coefficient of determination R? shown on the top left (*p < 0.05).

The relationship between the estimated value from the model and the mea-
sured actual value is shown in Fig. 9. The ANOVA results indicated that the
regression model in equation (3) was statistically significant (F» 12 = 3.90,
p = 0.049), with a coefficient of determination of 0.39. The results indicate
that both a larger difference in intensity and a combined intensity of two over-
lapping stimulations contribute to inducing a stronger perceptual effect.

4.2. Effect of Reality

The results of the second experiment are shown in Fig. 10 as a boxplot. The
top half shows the responses to the stimuli presented to the hand, and the
bottom half shows the responses to the stimuli presented to the feet. For the
stimuli presented to the hand, S1 was ranked as the least realistic. Similarly,
for the stimuli presented to the feet, S1 was also ranked as the least realistic,
but there was more variance in the responses compared to the hand. The stim-
uli that were evaluated as having the highest reality on average were S5 for
the hand and S3 for the feet. The results of the Friedman test showed a sig-
nificant difference in both conditions for the hand ( X24 = 48.13, p < 0.001)
and the feet (x24 = 48.13, p < 0.001). Post-hoc multiple comparisons, using
the Wilcoxon signed-rank test with Bonferroni correction, revealed a signifi-
cant difference between the responses to S2-S5 and S1 for the hand (S2-S5
compared to S1 all showed adj. p < 0.001). For the feet, post-hoc multiple
comparisons showed a significant difference between S2—-S4 and S1 (S2-S1:
adj. p =0.020, S3-S1: adj. p < 0.001; S4-S1: adj. p =0.017) and a signifi-
cant tendency between S1 and S5 (adj. p = 0.055).
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Figure 10. Boxplot of the perceived reality rankings; the top plot represents the answers for
the hand, and the bottom plot represents the answers for the feet. (***p < 0.001; *p < 0.05;
+

p <0.1).

5. Discussion

The results from experiment 2 suggest that S1 was perceived as the least real-
istic for both the hand and the feet, which may have been affected by the
difference between the predicted intensity from the image of dribbling and the
perceived intensity. The results also indicate that the hand has a broader range
of acceptable intensity, while the feet have a relatively narrower range. For the
hand, S2-S5 showed a significant difference from S1, and for the feet, S2—S4
showed a significant difference from S1. Before the experiment, we instructed
participants to imagine dribbling a basketball on a gymnasium floor. When
dribbling, many people likely imagine the vibration of the basketball hitting
their hand and the vibration from the ball hitting the floor via their shoes. It
seems that participants expected a stronger vibration in the hand than in the
feet. Furthermore, the vibration perceived by the hand during dribbling is a
consequence of active touch, where we can control how we hit the ball, which
may allow a wider range of intensity. In contrast, the feet experience passive
touch, which cannot be controlled much compared to the hand. This differ-
ence may have affected the prediction of perceived intensity, resulting in the
difference in the acceptable range of intensity for the hand and feet.
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The results from experiment 1 demonstrated that the combination of stimuli
with different input amplitudes used for SOVS influences the occurrence rate
of the pseudo-dribbling phenomenon. The heatmap in Fig. 8 shows that the
occurrence rate of the pseudo-dribbling feeling varies but is consistently over
the chance level of 0.5 when different input amplitude levels are combined.
This indicates that for SOVS, overlapping two stimuli with different ampli-
tudes can elicit the pseudo-dribbling phenomenon. The result shown in Fig. 8
showed that when the input amplitude difference was high, the occurrence rate
of the phenomenon also tended to be high. In contrast, the duplicate stimula-
tion showed a weak occurrence rate. The multiple-regression results supported
this tendency, representing (x — y)> had a positive coefficient. This indicates
the potential for discrimination between the overlapping vibrotactile stimuli.
SOVS induces a dribbling sensation similar to that generated by presenting
two vibrotactile stimuli alternately to the hand and feet. This suggests users
optimize two vibrations and localize them as stimuli for both the hand and the
feet, which makes the pseudo-dribbling phenomenon happen. To achieve this,
the two vibrotactile stimuli must be distinguishable to aid in cognitive separa-
tion. This implies that duplicate combinations are unsuitable for SOVS, as it
becomes harder to discriminate the overlapping vibrotactile stimuli on each of
the hand and the feet.

However, the combination S1-S5, which held the greatest difference in
input amplitude, did not yield the highest occurrence rate. The multiple-
regression model consisted of two factors: the difference in input amplitude
and the overall strength of the input amplitude. Although the coefficient of
(x + y)? was smaller than that of (x — y)?, this suggests that the overall
strength of the stimulus may have influenced the occurrence of the pseudo-
dribbling phenomenon. Additionally, the occurrence rate for duplicate combi-
nations is lower than for different combinations; however, it tends to increase
relative to the strength of intensity. The results of experiment 2 imply the
contribution of reality. The reason the combination S1-S5 did not yield the
highest occurrence rate may be related to the degree of reality. S5 lacked high
realism for the feet, and S1 exhibited significantly lower realism compared
to the other stimuli for both the hand and feet. As a result, the overall real-
ism presented may have been low and potentially unacceptable. Considering
both the multiple-regression model and the results from experiment 2, it is
consistent that the combinations with a high degree of reality and perceivable
differences in intensity — such as combination S3-S5, S4-S5, and S2-S4 —
had relatively high occurrence rates (greater than 63%). This supports that
reality is another critical factor for the occurrence of the pseudo-dribbling phe-
nomenon. Here, the results from experiment 2 revealed that S2-S4 showed a
significant difference compared to S1 in the order of reality for both the hand
and feet. This provides an expectation that the combination S2—S4 could have
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the highest occurrence rate. However, the experiment results showed that the
combination S1-S4 had the highest occurrence rate. This suggests that per-
ceptual contrast may outweigh perceived realism in triggering the illusion.
S2-S4 showed a significant difference from S1, indicating that S1 was dis-
criminable in both intensity and reality. Individual differences may also have
influenced the occurrence rate of the pseudo-dribbling phenomenon. Prior
studies (Kuhara et al., 2023) have demonstrated that the experience in bas-
ketball and the direction of attention influence the perception of dribbling
throughout stimulus presentation. However, we did not control for these fac-
tors in the experiment conducted for this paper, which may have affected the
occurrence rate beyond the combination of input amplitudes and perceived
reality.

Finally, we address the limitations encountered during the experiment.
Since the stronger intensity of the two overlapped stimuli was always pre-
sented first for the adopted combination of stimuli, we did not consider the
order of the overlapping combination presented as SOVS. Dribbling a bas-
ketball generally starts with hitting the ball with the hand. If the vibration at
the hand is greater than the vibration at the feet, this order would align with
the person’s mental image. Taking into account the image, the order of the
intensity may influence the occurrence rate. Therefore, we need to investigate
the occurrence rate of the pseudo-dribbling phenomenon when changing the
order of overlapping and presenting the weaker stimuli first. Additionally, we
did not consider the participants’ experience of dribbling a basketball inside
a gymnasium. This experience likely influenced the mental image the par-
ticipants held during the experiment. Previous studies conducted by Kuhara
et al. (2023) have demonstrated that the dribbling sensation decreases when
the mental image is disrupted. For the visual sensation, it is known that peo-
ple can compensate for missing sensory information using imagination based
on memory (Cao et al., 2020). This indicates that the variation in the mental
image held by the participants could have affected the prediction of the stimuli,
thereby influencing the occurrence rate of the pseudo-dribbling phenomenon
by SOVS.

The results of this study demonstrate the potential of providing tactile
apparent motion across multiple parts of the body using SOVS. From these
results, the usage of SOVS has the potential to present various movements
of objects around the body without the need for multiple channels and time
synchronization. For example, SOVS may help present experiences of sports
that utilize the whole body and tasks that require both hands, such as soccer,
fencing, or other sports where multiple tactile stimuli are expected to occur.
This approach reduces the complexity associated with time synchronization
and the fixation of actuators, enabling a simple way to evoke a sense of move-
ment from imaginary objects around the body. Furthermore, the findings have
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the potential to offer insights into spatiotemporal tactile perception when pre-
senting multimodal information with contextual cues.

6. Conclusion

In this study, we investigated the intensity conditions for combining stimuli
to present a dribbling sensation with SOVS, using simple waveforms with
varying input amplitudes to identify the crucial cues for inducing the pseudo-
dribbling phenomenon. The results from experiment 1 showed that the com-
bination of different input amplitudes has a higher occurrence rate of the
pseudo-dribbling phenomenon. Experiment 2 showed that the input amplitude
affected the reality perceived by participants. When the stimulus is presented
to the hand, the perceived reality goes along with the strength of the input
amplitude, whereas for the stimulus given to the feet, an input amplitude that
is too strong tends to lower the perceived reality. These results suggest that
the combination of two different input amplitudes and the reality perceived
by the user induces the pseudo-dribbling phenomenon. The obtained findings
are expected to contribute to the development of simple haptic interfaces that
incorporate hands and feet, providing insight into the spatiotemporal percep-
tion mechanism involving context.
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