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Abstract—The presentation of thermal sensation is expected to
improve immersive experience. However, thermal perception is
slower than visual and tactile perception, and there is insufficient
discussion regarding the presentation of the sensation of warmth
motion. Conventional methods have explored tactile-dependent
illusions; however, these methods are limited in their ability to
represent rapid directional changes and fine motions. This study
focuses on a pulling illusion, a type of tactile-dependent illusion,
and examines whether it can produce the sensation of warmth
motion. The experimental results indicate that the pulling illu-
sion creates the sensation of warmth motion. Furthermore, we
speculate that the principle underlying this illusion might be
the warmth motion in response to changes in the body scheme.
Subsequently, we investigated the extent of the warmth motion
produced. The results revealed that the subjective motion distance
of the illusory warmth motion is considered to be equivalent to
the movement of approximately 9.25mm of a heat source. The
findings of this study can serve as a basis for future research into
the sensation of warmth motion induced by the pulling illusion
and provide design guidelines for warmth motion displays.

Index Terms—virtual reality, non-contact thermal display,
pulling illusion, body scheme.

I. INTRODUCTION

In virtual reality, a technique that provides thermal sensation
as sensory feedback has been studied. Presenting thermal
stimuli simultaneously with music and images can change the
mental image [1], and presenting temperature information si-
multaneously with visual information can improve the sense of
immersion [2]. Furthermore, noncontact thermal presentation
is particularly useful because it does not cause a reduction
in immersion owing to the sense of contact or discomfort of
the thermal element [3]. To date, many haptic devices that
use thermal sensation have been developed, such as those that
provide thermal feedback alongside head-mounted displays [4]
or glove-type wearable devices [5]. However, temperature is
perceived more slowly than other senses, such as vision and
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touch, and there is little discussion on how to represent the
sensation of warmth motion. In real-world environments, ther-
mal sensations dynamically change due to natural phenomena
such as wind or thermal convection. By representing such
dynamic changes in thermal sensation, it becomes possible to
present heat perception that more closely resembles real-world
environments, thereby enhancing immersion and realism. The
first possible method is to move heat physically. However, this
approach is challenging owing to the mechanical limitations
of the equipment. Therefore, the fact that touch-dependent
illusions are likely to produce similar illusions of warmth [6]
has led to active research on methods that exploit illusions.
However, quick direction changes and fine movements are
difficult to represent using conventional methods that employ
illusions. In contrast, the pulling illusion [7], which is a
tactile-dependent illusion, can express a sense of motion with
rapid direction changes. Ito et al. proposed a device called
HeatFlicker, which reproduces the sensation of flickering fire
through asymmetric vibration to create a pulling illusion
and LED light to present a noncontact temperature sensa-
tion [8]. It has been suggested that the presentation of warmth
simultaneously with the pulling illusion may generate the
warmth motion illusion; however, it remains unclear whether
the pulling illusion actually generates the warmth motion
illusion. In addition, the principles underlying its generation
and sensory characteristics remain unclear. This study clarifies
whether the pulling illusion generates an illusory sensation of
warmth motion. This will be useful for future designs when
discussing their fundamental characteristics. Furthermore, a
specific contribution of this study lies in its applicability to the
VR/AR domain. The sensation of warmth motion generated
by our proposed method can reproduce the dynamic thermal
changes found in real environments, such as the flickering of
a campfire or candle. These have traditionally been used for
mental relaxation and well-being through visual and auditory
effects, but our method may add emotionally evocative thermal
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sensations, enhancing their affective impact. And also, the sen-
sation of warmth motion evoked by our method is suggested to
rely on a different perceptual mechanism from that of physical
thermal stimuli. Therefore, this method may be applicable
in cases of impaired thermal sensation, such as peripheral
neuropathy or limb loss, enabling thermal feedback even in
areas without functional thermoreception, such as artificial
hands.

II. RELATED WORKS AND RESEARCH QUESTION
A. Body Schema and Thermal Illusion

Body schema refers to the unconscious, brain-integrated
senses of one’s body, postural status, and other somatic sen-
sations. The body schema can be changed using tools, visual
and tactile information, and illusions [9]. For example, the
illusion of joint extension can be created by applying vibratory
stimulation to the tendons of the extensor muscles of the joint
[10]. During the presentation of this illusion, touching the
nose can provide the sensation that the nose is elongated.
This i1s called the Pinocchio illusion, and it is known that
touching not only the nose but also the waist can change its
body schema [11]. In contrast, illusions that are dependent
on tactile sensations are prone to similar illusions related
to warmth [6]. For instance, phenomena such as phantom
sensations [12], [13] and apparent motion [14], [15], which are
commonly discussed in the context of touch, can also occur in
thermal sensations and allow for the representation of warmth
motion without changing the position of the thermal stimuli.
Thus, warmth may also be influenced by body schema. In our
study, we hypothesize that this dependence of warmth on body
schema might give rise to the warmth motion illusion.

B. Pulling Illusion

Steeper accelerations are perceived more strongly than
gentler accelerations. Amemiya et al. proposed a method for
presenting a virtual unidirectional force vector or a pulling
illusion by generating asymmetric accelerations in a periodic
translational motion [16]. Tanabe et al. proposed a method
to generate a pulling illusion using asymmetric vibrations
synthesized from two fundamental waves and identified the
types of asymmetries in the input vibration waveform that
contribute to the generation of the pulling illusion through
psychophysical experiments [17]. Tanabe et al. suggested
that a similar change in body schema occurs with a pulling
illusion [18]. In our study, asymmetric vibrations with phase
differences were used to present the pulling illusion in the
front-back direction and change the body schema.

C. Noncontact Thermal Presentation

The most common device for thermal presentation is the
Peltier device because of its ease of control. However, in the
presentation of warmth using Peltier elements, a sense of con-
tact with the element may prevent the induction of the illusion.
Noncontact temperature sensation is provided by visible light-
emitting diodes (LED), infrared light lamps, and laser light.
In the case of warmth presentation with infrared light lamps,

it is difficult to switch presentations quickly [19], whereas
in the case of laser light warmth presentation, it is easier to
perceive it as a tactile stimulus than a warmth stimulus [20].
In contrast, noncontact thermal presentation using visible-light
LEDs allows for easy and quick adjustments to the output
through pulse-width modulation (PWM) control, as heating is
achieved via light energy [3]. In our study, noncontact thermal
presentation with LEDs was used to prevent the generation
of the warmth motion illusion from being disturbed by the
contact sensation and to control it in accordance with the
pulling illusion.

D. Research Question

It is unclear whether the pulling illusion produces an illusory
sense of motion in the warmth sensation. In addition to the
basic characteristics of the warmth-motion illusion, such as
the intensity and direction produced, the principle of how
the illusion is created remains unclear. Therefore, this study
aimed to confirm whether warmth sensations generated a sense
of motion. Simultaneously, we compared the sensation of
warmth motion and the actual movement of the heat source,
as well as the effect of the pulling illusion on the sensation of
warmth motion of the heat source. In addition, the principle
of generating the warmth motion illusion through the pulling
illusion was discussed.

III. DEVICE DEVELOPMENT

In our study, to avoid influencing changes in the body
schema due to the pulling illusion, it was necessary to present
thermal stimuli without contact. In addition, a device that can
arbitrarily change the thermal presentation position is required
for a comparison with the sensation of warmth motion caused
by the movement of the heat source. In this section, we
describe the experimental system that can present a noncontact
thermal sensation at any location using visible-light LEDs
and a linear actuator, as well as the setup procedure for the
experiment.

A. Noncontact Thermal Presentation Device

In the experiment, it was necessary to present a working
heat source for comparison with the warmth motion illusion
due to the pulling illusion. As shown in Fig. 1, we created
a device that can present a noncontact thermal stimulus
with an LED light at any desired location. The thermal
presentation device consisted of a linear actuator (Oriental
Motor EZSM4RDO15AZAC) and a box-shaped LED light
presentation device. The box-shaped LED light presentation
device has two flat LEDs (HighPower Chip LED 50 W,
Coairrwy) on the top surface and DC fans (YDM2507COSF,
Shenzhen YCC-FAN) on both sides of the box for internal heat
dissipation. In addition, a slit cover was fitted to limit the range
of LED light presentation and prevent participants’ hands from
coming into direct contact with the LEDs. The parts of the
noncontact thermal presentation device were fabricated using
a 3D printer (Raise3D Pro2 Plus, Raise 3D). The intensities
of the LED light and linear actuator were controlled using a
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microcomputer (Arduino Uno, Arduino) mounted on a box-
shaped LED light presentation device. The pulling illusion
was presented by applying asymmetric vibration signals to
a voice coil vibrator (639897, Foster Electric) grasped by
the user’s fingertips. The input signals were output from an
audio interface (PAA-U4P, MIYOSHI) and amplified using a
D-class amplifier (PAM8403DR, Diodes, Inc.). The waveforms
proposed by Tanabe et al. [17] with a fundamental wave of
75Hz were used for the asymmetric vibration waveform.

B. Experimental Setup

In a preliminary experiment, the generation of the motion
illusion of warmth was significantly reduced when the hand
was fixed to the table. Thus, the stimulus presentation was
performed with the elbow fixed and the hand off the table,
as shown in Fig. 2(a). In addition, as shown in Fig. 2(b), a
thermal sensation presentation using an LED light was applied
to the lower part of the palm, distant from the fingertip where
vibration stimuli are presented. The thermal presentation was
conducted with LED light exposure for 5 s per trial. The skin
temperature change during the stimulus presentation averaged
from 35.5 °C to around 38.9 °C. The amplitude measured for
the intensity of the vibration stimulus was 60.82 m / s> with
the vibrator grasped. To avoid bias in the responses due to
linear actuator motion, the device was covered during stimulus
presentation. White noise was played through the headphones
worn by the participants. Prior to the experiment, the per-
ception of the pulling illusion was confirmed. Asymmetric
vibrations, which induce the pulling illusion, and sinusoidal
vibrations, which do not, were presented in random order. The
participants were asked to report whether the pulling illusion
was perceived until they were able to answer in the same
direction, as presented three times in a row. The experiment
was terminated if the participant did not provide a correct
answer at the end of 30 trials. To mitigate the effects of arm
movement, the position of the strap attached to the wrist was
measured using a laser displacement meter during the stimulus
presentation. The data analysis excluded data corresponding to
arm movements. In the experiment, both noncontact thermal
stimuli using visible-light LEDs and vibration stimuli were
presented simultaneously.

IV. EXPERIMENT 1: BASIC VERIFICATION OF ILLUSION
A. Experimental Conditions

The first experiment aimed to verify whether the pulling
illusion induced the warmth motion illusion. A comparison
was also made with the presentation of the heat source in
motion. Simultaneously, the effect of combining the pulling
illusion with the heat source movement on the sensation
of warmth motion was investigated. In Experiment 1, as
presented in Table I, five stimulus patterns combining the vi-
bration presentation patterns, asymmetry or symmetry, and the
movement patterns of the heat source are presented randomly.
Responses are obtained using a five-point one-way Likert scale
(1: not felt at all, 2: felt a little, 3: felt, 4: felt strongly,
5: felt very strongly). Additionally, the participants were not

2 LED Chips
(with Slit Cover)

Fig. 1: Non-contact thermal presentation device: It is com-
posed of the box-shaped LED light presentation device and
the linear actuator.

N
Thermal Stimulus |
Presentation Area | P

(b) Location of stimulus presentation.

Fig. 2: The images of the device in use.

given any prior information about the movement of the heat
source, the presence of the pulling illusion, the maximum
or minimum stimuli in their responses, or any other details.
Participants were instructed that both vibratory and thermal
stimuli would be presented simultaneously, and they were
asked to answer questions regarding their perception of the
sensation of warmth motion. There are two types of vibration
patterns: sinusoidal vibration, which does not produce the
pulling illusion, and asymmetric vibration, which produces
the pulling illusion [21]. The pulling illusion is presented by
periodically changing the direction (forward or backward) and
switching every second. In addition, the movement patterns of
the heat source using the linear actuator were of three types:
a fixed pattern (fixed), a reciprocating motion with forward
and backward movements (same loop), and a reciprocating
motion in the opposite direction of the same loop (opposite
loop). In the same-loop pattern, the heat source moved in the
same direction as the pulling illusion, whereas in the opposite
loop pattern, the heat source moved in the opposite direction
to the pulling illusion. The direction of motion of the heat
source was changed simultaneously with the switching of the
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TABLE I: STIMULUS PATTERNS IN EXPERIMENT 1

Pattern | Heat Source Movement Vibration
FS fixed sinusoidal
FA fixed asymmetrical
SS same loop sinusoidal
SA same loop asymmetrical
OA opposite loop asymmetrical

direction of the pulling illusion every second. The forward and
backward reciprocations in the case of sinusoidal vibrations
were identical. The distribution density of warmth-sensitive
spots in the human palm is given as p = 0.004mm~2 [22].
This implies that the average area per warmth-sensitive spot
is:

1 1

Aspot ==

= =250mm> 1
5 0.004 i b

Thus, a single warmth-sensitive spot exists within every
250mm? of the palm.

To evoke the sensation of warmth motion, the heat source
must be moved by a distance sufficient to stimulate spatially
distinct warmth-sensitive spots. Given the derived threshold
of 15.8mm for perceiving warmth motion, a preliminary
experiment was conducted in which the heat source was
moved in increments of 1mm within the range of 10mm
to 20mm during warmth stimulation. The goal was to verify
the detectability of warmth motion. The results indicated that
perceptual differences between displacements of 20mm and
15mm were minimal. Therefore, 15mm was chosen as the
minimum physical amplitude capable of reliably evoking the
sensation of warmth motion. Accordingly, the amplitude A of
the reciprocating motion was set as:

A=15mm )

In Experiment 1, 25 trials were conducted for each stimulus
pattern. Experiment 1 was conducted with nine males and two
females between the ages of 22 and 24 years. The participants
were not involved in the system development. They were paid
approximately 12 USD through Amazon gift cards to partici-
pate in the experiment. The recruitment of participants and the
content of the experiments were approved by the Institutional
Ethics Committee of the Faculty of Engineering, Information,
and Systems, University of Tsukuba, Japan (approval number
2023R829) The participants provided written informed consent
to participate in the experiments.

B. Result and Discussion

Data obtained with arm displacements exceeding 10 mm
were not used because the arms were assumed to have moved.
Data that could not be measured by the laser displacement
meter because the arm was tilted were also excluded because
it could not be guaranteed that the arm had not moved. After
excluding 172 data points from 1125 data points, the main
effect of stimulus patterns was analyzed using the Friedman
test. The results of the test revealed a main effect (x2(4) =

104.63, p < 0.05); therefore, pairwise comparisons were con-
ducted using the Wilcoxon signed-rank test with Bonferroni
correction. The results are presented as box-and-whisker plots
in Fig. 4. Asterisks indicate statistical significance. First, we
investigated whether the pulling illusion generated a warmth
motion illusion. A statistically significant difference between
Patterns FS and FA was confirmed based on Fig. 4. This
suggests that the sensation of warmth motion can be induced
even when the heat source is fixed, through the presentation
of the pulling illusion.

Subsequently, the intensity of the sensation of warmth
motion generated by the pulling illusion was compared with
that of a moving heat source. Statistically significant differ-
ences were observed for Patterns FA and SS, with Pattern
SS exhibiting a stronger response. Thus, the warmth motion
illusion generated by the pulling illusion generated a smaller
motion sensation than the reciprocating motion of the heat
source, with an amplitude of 15 mm. Finally, the effect of
the combination of presenting the pulling illusion and mov-
ing the heat source on the sensation of warmth motion is
discussed. Statistically significant differences were confirmed
for Patterns SA and OA, whereas no significant differences
were found for Patterns SS and SA and Patterns SS and
OA. While the sensation of warmth motion appears to be
induced by the presentation of the pulling illusion during heat
source movement, the effect may be too small to produce a
statistically significant difference depending on the presence
or absence of the illusion. Additionally, it is possible that the
direction of the perceived warmth motion varies depending on
the direction in which the pulling illusion is presented. This
may depend on the direction of the warmth motion illusion
caused by the pulling illusion. As shown in Fig. 3(a), if the
sensation of warmth motion generated by the pulling illusion
tends to be perceived in the same direction as that of the
pulling illusion, then Pattern OA, in which the heat source
is moved in the opposite direction, may generate a stronger
sensation of warmth motion relative to Pattern SA, in which
the heat source is moved in the same direction. This could
imply that the direction of the sensation of warmth motion
produced by the pulling illusion is possibly aligned with
that of the pulling illusion. Therefore, although the pulling
illusion appears to change the body schematic, the position
of the warmth sensation might also change concomitantly,
as shown in Fig. 3(b). Even though no relative positional
warmth motion should occur in the local coordinate system of
the body schematic, the results of Experiment 1 suggest that
such a sensation of warmth motion is generated. This may
point to the possibility that a world coordinate reference point
could be involved in the perception of warmth motion and that
the perception of warmth motion might be based on absolute
position. We tentatively hypothesize that the principle of the
warmth motion illusion caused by the pulling illusion lies in
the relationship between the change in body schema and the
reference point for the perception of warmth motion. However,
although the body schema is constructed by vision, touch,
and somatosensory perception, it remains uncertain whether
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the warmth perception is altered by the change in the body
schema; this consideration of the cause of the warmth motion
illusion caused by the pulling illusion is only a hypothesis. As
shown in Fig. 4, even in Pattern FS, where the sensation of
warmth motion is not expected to be elicited by the illusion,
some participants reported high ratings such as 4: felt strongly
and 5: felt very strongly. Additionally, the overall distribution
of the ratings appears to be widely dispersed. One possible
explanation for this result is the influence of bias introduced
by the Likert scale used in Experiment 1. In this experiment,
we employed a five-point one-way Likert scale consisting
of the following options: 1: not felt at all, 2: felt a little,
3: felt, 4: felt strongly, and 5: felt very strongly. However,
the nature of these ratings is potentially unbalanced: while
rating 1 clearly indicates the absence of any motion sensation,
ratings 2 through 5, despite differing in intensity, all imply the
presence of some degree of motion sensation. This asymmetry
may have introduced a response bias, whereby participants felt
compelled to report some level of warmth motion even when
it was not actually perceived.

V. EXPERIMENT 2: DISCRIMINATION OF MOTION
DIRECTION

A. Experimental Conditions

Experiment 2 investigated the relationship between the
direction of the pulling illusion and the perceived sense of
warmth motion. The pulling illusion was presented while
changing direction with a fixed heat source. To prevent adap-
tation to the stimulus, the initial direction of the presented
pulling illusion was randomized into forward (Pattern 1) and
backward (Pattern 2) directions. After five seconds of stimulus
presentation, participants were asked to report the perceived
direction of the sensation of warmth motion, comparing it with
the direction of the pulling illusion. Responses were collected
using two alternative forced choices indicating whether the
direction was the same or the opposite. A total of 100 trials
were conducted. Experiment 2 was conducted on 11 males
between the ages of 22 and 28 years. Compensation and ethical
approval for participation were the same as in Experiment 1.

B. Result and Discussion

The summed values for Patterns 1 and 2 in the same and
opposite directions were calculated. Fig. 5 shows box-and-
whisker plots of the proportions in the same and opposite
directions. A paired t-test was conducted, and the normality
assumption was confirmed using the Shapiro-Wilk test. No sig-
nificant differences were observed (¢(10) = 0.736,p < 0.05).
The effect size (Cohen’s d) was 0.22, which was considered
small, suggesting a minor trend. In addition, the same and
opposite direction responses are approximately 50 percent
of the chance level, suggesting that the direction of the
warmth motion illusion cannot be determined. The results of
Experiment 1 revealed a difference in the sensation of warmth
motion between Patterns SA and OA; however, the direction
of this illusion could not be determined in Experiment 2.
This could be due to masking of the warmth by the vibratory
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Fig. 3: Motion of warmth sensation by the pulling illusion: (a)
Discussion of why Pattern OA induced a stronger sensation
of warmth motion compared to Pattern SA in the result of
Experiment 1. (b) Hypothesis on the principle of the warmth
motion illusion induced by the pulling illusion: The position of
warmth perception might change in association with changes
in body schema, while the sensation of warmth motion might
be perceived with reference to absolute position.

stimulus. Vibratory stimuli are stronger and more perceptible
than thermal stimuli, as is the masking of warmth by vibratory
stimuli [23], [24]. In Experiment 2, participants compared the
direction of the sensation of the warmth motion with that of the
pulling illusion. Thus, it is assumed that they concentrated on
the fingertips where the pulling illusion occurred and where
the vibratory stimulus was presented. This suggests that the
location of warmth and the perception of warmth motion may
have become ambiguous, and the direction of the sensation of
warmth motion may have become unrecognizable.

VI. EXPERIMENT 3: SUBJECTIVE MOTION DISTANCE
A. Experimental Conditions

In Experiment 3, the warmth motion illusion caused by the
pulling illusion was compared with the sensation of warmth
motion when the heat source moved reciprocally. Specifically,
the experiment investigated which amplitude of the recipro-
cating movement of the heat source was equivalent to the
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Fig. 4: Experiment 1: Relationship between stimulus patterns
and the sensation of warmth in motion.

sensation of warmth motion induced by the pulling illusion.
The experiment included two patterns: one in which the heat
source was fixed and the pulling illusion was presented while
switching its direction (Pattern FA in Experiment 1), and the
other in which no pulling illusion was presented. Instead, a
sinusoidal dummy vibration was applied, and the heat source
reciprocated at random amplitudes of 5, 10, 15, 20, 25, 30,
and 35 mm (Pattern SS in Experiment 1 but with a changing
amplitude, referred to as SS-CA). The two patterns were pre-
sented in random sequences. After the stimulus presentation,
participants were asked to respond using a two-alternative
forced choice method to indicate whether they subjectively
perceived greater motion in the sensation of warmth when
the stimulus was presented the second time compared to the
first presentation. They were asked to choose between “Yes”
or “No.” The responses were used to determine the degree
of motion. 70 trials were conducted. When the amplitude
of the reciprocating motion of the heat source was small, a
stronger sensation of warmth motion was generated by the
FA pattern. As the amplitude of the reciprocating motion of
the heat source increases, the probability that the sensation of
warmth motion generated by the pulling illusion will result in a
greater sense of motion is expected to decrease monotonically.
Therefore, we first calculated the probability of a greater sense
of motion in the warmth sensation induced by the pulling
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Fig. 5: Experiment 2: The relationship between "same" and
"opposite" in the experiment 2.

illusion for each reciprocal amplitude of the heat source.
Then, we determined the reciprocation amplitude of the heat
source with a 50 percent probability of occurrence using the
regression line obtained from the scatter diagram. Finally,
the degree to which the sensation of warmth motion was
induced by the pulling illusion was evaluated quantitatively.
Experiment 3 was conducted with 11 males and two females
between the ages of 22 and 28 years, as in Experiment 2.
Compensation and ethical approval for participation in the
experiment were the same as in Experiments 1 and 2.

B. Result and Discussion

Fig. 6(a) shows box-and-whisker plots of the probability
of perceiving a greater sensation of warmth motion based on
the data obtained, where pattern FA was compared to pattern
SS-CA for each reciprocation width. An regression line was
drawn from the scatter plots. From the regression line, we
determined the amplitude of the reciprocating motion at which
there was a 50 percent likelihood of experiencing a stronger
sensation of warmth motion induced by the pulling illusion.
The amplitudes were 9.25 mm. In Experiment 1, the sensation
of warmth motion was perceived more strongly in Pattern SS
compared with Pattern FA. In Pattern FA, the heat source
was fixed while the pulling illusion was presented. In Pattern
SS, the heat source reciprocated with an amplitude of 15 mm,
and the pulling illusion was not presented. The intensity of
the warmth motion illusion at an amplitude of 9.25mm (as
determined in this experiment) aligned with the results of
Experiment 1. In Section IV-A, we derived the physically
perceivable threshold for thermal motion based on the density
of warm spots on the skin, which was 15.8 mm. However,
the equivalent amplitude of motion sensation induced by the
pulling illusion in the Experiment 3 was 9.25 mm, indicating
that a sensation of warmth motion was evoked even at a
smaller amplitude, approximately 6.5 mm less. This suggests
that, in the method proposed in this study, where the sensation
of warmth motion is induced by the pulling illusion, it does
not arise from changes in the responses of warm receptors
at warm spots. Rather, it is likely generated by the responses
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of sensory receptors associated with other modalities, such as
vibration. Therefore, the warmth motion illusion by the pulling
illusions may be based on a different perceptual mechanism
than that of physically induced thermal motion. Owing to this
difference in perceptual mechanism, it may become possible to
functionally guide and shift warmth sensations to areas where
warm spots are not actually present by leveraging unaffected
regions, an outcome with promising potential applications.

VII. LIMITATION AND FUTURE WORKS

However, this study has several limitations, including the
relationship between warmth perception and body schema,
as well as the parameters that determine the strength of the
illusion. The current results suggest that further research is
essential for a better understanding of these factors. Specifi-
cally, considering the mechanisms behind the warmth motion
illusion could shed light on the body schema changes induced
by the pulling illusion. In addition, there were individual
differences in the responses for Experiment 3. The value of
9.25mm obtained is not an exact measurement but rather
a rough estimate because the number of participants was
relatively small, and there were individual differences in the
participants’ responses, as shown in Fig. 6(b). For example,
some participants in Pattern FA had a higher probability of
perceiving a stronger sensation of warmth motion. This was
observed even in Pattern SS-CA, with the largest reciprocal
amplitude of the heat source exceeding 50 percent. In contrast,
some participants had a probability of occurrence of less than
50 percent in Pattern SS-CA, with the smallest amplitude.
This may be attributed to an insufficient sample size for the
two-alternative forced choice method employed in Experiment
3. Regarding the influence of participant age and gender on
the results, previous studies on age-related changes in the
perception of the pulling illusion and in thermal perception
suggest that in younger individuals, there are no significant
gender differences in thermal perception or in the occurrence
of the pulling illusion [25]. Therefore, the sensation of warmth
motion should be elicited reliably in this population. However,
in older individuals, it has been reported that thermal sensi-
tivity in the upper arm tends to be lower in women, and that
the pulling illusion may not occur as readily in some elderly
female participants [26]. Consequently, the warmth motion
illusion induced by pulling illusion may not be elicited in
certain elderly women. In addition, in all the experiments,
parameters such as the amplitude and presentation time of
the asymmetric vibration generating the pulling illusion were
unified. However, individual differences due to insufficient
calibration of the thermal stimuli also represent a limitation
of this study. The stimulus intensity was not calibrated for
temperature change for each participant, so there could be
individual differences in thermal presentation. To eliminate
the influence of individual differences, it is necessary to
measure skin temperature using a thermal camera and flexibly
adjust the intensity of thermal stimulation for each participant.
And to generalize the conclusions presented in this study, it
will be necessary to recruit participants from a wider age
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the Amplitude of Reciprocating Motion
of the Heat Source (mm)
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The Amplitude of Reciprocating Motion of The Heat Source (mm)

(b)
Fig. 6: Experiment 3: Rate of the sensation of warmth motion
in case FA is greater than that in case SS-CA. (a) Box plots
showing the rate for each amplitude, along with the regression
line of all samples. (b) Dotted lines showing the regression
lines for each participant and a solid red line showing the
regression line of all samples, as in (a).

Rate of Predominance of the Warmth
Motion Illusion (%)

range, conduct experiments with a larger sample size, and
calibrate thermal stimulation individually for each participant.
These aspects are intended to be addressed in future work. In
addition, the effects of varying the intensity and presentation
time of the pulling illusion on the intensity of the warmth
motion produced have not been investigated. It is essential to
clarify the factors related to the generation and intensity of the
warmth motion illusion. Clarifying these factors is important
for developing warmth motion displays in the future.

VIII. CONCLUSION

Our study demonstrated that the sensation of warmth motion
tended to be generated and enhanced by the pulling illusion.
The principles underlying the warmth motion illusion caused
by the pulling illusion were considered. The perceived position
of warmth varies in association with changes in body schema.
It was also inferred that the sensation of warmth motion
experienced was approximately 9 mm. This study provides a
basic investigation into the warmth motion illusion caused by
the pulling illusion. The findings from this study can serve as
a foundation for future research on the warmth motion illusion
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caused by the pulling illusion and provide design guidelines
for warmth motion displays.
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