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ABSTRACT One of the important challenges in the field of haptic engineering is the development of
methods to present haptic information on commonly-used information devices equipped only with screens
and speakers. Earlier research has proposed the so-called ‘““pseudo-haptic’’ method that can give users haptic
impressions by modulating the visual feedback provided in response to user inputs. In this study, to extend
the applicability of the pseudo-haptic method to devices without a screen, we propose a novel method for
varying the heaviness sensation experienced by users by modulating auditory (as opposed to visual) feedback
provided in response to user inputs. In this method, we manipulated the delay, frequency, and loudness
of auditory feedback (a pure tone) given in response to the user clicking a button. Through a series of
psychophysical experiments, we found that participants tended to report a stronger heaviness sensation when
a pure tone was presented with a longer delay, lower frequency, and/or greater loudness. By manipulating
the onset and offset timing of a pure tone, we also demonstrated that the delay of the offset of the pure tone,
rather than that of its onset, was critical to the heaviness sensation. Our sound-based pseudo-haptic method
can be implemented in information devices that can present auditory information, regardless of whether they
can also present visual information or not.

INDEX TERMS Auditory feedback, cross-modal interaction, delay, heaviness, pseudo-haptics.

I. INTRODUCTION

A. BACKGROUND

When touching and handling an object, humans perceive
haptic properties such as heaviness, softness, and rough-
ness based on the object’s physical properties such as den-
sity, elasticity, and surface friction. Previous studies in the
fields of human-computer interaction and virtual reality have
focused on developing haptic displays that present these
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haptic properties virtually by modulating stimulus inputs like
force and vibration without changing the actual physical
properties of real objects. For example, without changing the
weight of an actual object, it is possible to impart the sense of
various levels of heaviness by modulating force feedback in
the direction of gravitational force using grounded kinesthetic
haptic devices [1], [2]. Also, the sensation of softness can be
imparted using a device that changes the contact area between
finger and object [3], and the sensation of roughness can be
imparted using a device that generates electrovibrations while
users operate a touchscreen [4].
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Unlike the haptic devices described above, since most
information devices such as smartphones and PCs only have
screens and speakers (and at best a very simple vibratory
function), conventional methods for modulating force and
friction cannot be implemented in them. This is of course why
it is not easy to present information about haptic properties in
commonly-used information devices.

In earlier research, a method was devised whereby users
experienced the sensations associated with various haptic
properties, without the need for elaborate haptic devices,
by taking advantage of cross-modal interaction. The tech-
nique involved in producing such haptic sensations in the
field of human-computer interaction is called pseudo-haptics.
The pseudo-haptic technique induces haptic sensations by
modulating the visual feedback given in response to user
input [5], [6]. For example, reducing the speed of cursor
movement relative to the speed of mouse movement induces
an illusory sense of heaviness [7]. Presenting a deformed
image of an object that can be indented by mouse clicks or
other means intensifies the sense of hardness communicated
to the user [8], [9].

Although the phenomenon of pseudo-haptics has attracted
considerable attention, there are limitations to its use. The
conventional pseudo-haptic technique requires a monitor or
screen to present visual information, and thus, does not work
on information devices without one. If this limitation were
to be overcome, the method could be made available in
devices that do not have a screen and/or a transducer, such as
remote controllers, earphones, and bracelets. The motivation
for our study was to implement a method of inducing a haptic
impression using information other than visual and haptic
information.

Here we propose a novel type of pseudo-haptic technique
for varying a sensation of heaviness by modulating auditory
feedback instead of visual feedback. This method is easy to
implement since many information devices are equipped with
speakers. In our daily lives, we often experience situations
where auditory feedback is presented, for example, when we
press a button on remote controllers for TVs, air conditioners,
and lights. Hence, it is reasonable to assume that auditory
feedback is familiar and intuitive to users. If the pseudo-
haptic technique using auditory feedback modulation is found
to be effective in presenting a sense of heaviness, it may be
combined with another pseudo-haptic technique using visual
feedback modulation to achieve richer and more intuitive
presentations of haptic properties in various scenarios.

In this study, we propose three elements of auditory feed-
back that can contribute to the pseudo-haptic technique:
delay, sound frequency, and sound loudness. Delay refers to
a temporal interval between an action (e.g., a button press)
and the presentation of auditory feedback. Conventional stud-
ies investigating the effect of visual feedback on perception
reported that a longer delay applied to visual avatars moved
by a user’s hand motions increased the impression of illusory
heaviness, resistance, or hardness [10]-[13]. A recent study
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has shown that illusory heaviness can be induced just by a
user’s key press [14]. In that study, when the delay between
a user’s key press and a corresponding change in luminance
on a display was longer, participants reported a more pro-
nounced sense of heaviness. A similarity in the effects of
feedback delay on perception has been reported not only for
visual but also for auditory feedback. For example, when
a delay is inserted between a button press and the corre-
sponding feedback, the perception of the association between
the button press and the auditory feedback is weakened
[15]-[17] just as it is for the association between a button
press and corresponding visual feedback [18]-[22]. Based
on these findings, we hypothesized that the sense of heavi-
ness could be increased by manipulating the delay between
a user’s key press and the auditory feedback provided in
response to it

The second and third elements of auditory feedback that
can contribute to the pseudo-haptic technique are related to
the frequency and loudness of the sound presented in response
to a user’s action. Objects having different physical properties
tend to produce different sounds. For example, larger and
heavier objects tend to produce louder and lower frequency
sounds when colliding [23]. Humans might use the sound
phenomena created by heavier objects to estimate heaviness.
Some results that support this hypothesis have been reported.
For example, participants tended to rate lower frequency
sounds as heavier [24], and the frequency of synthesized
sounds affected participants’ perception of a material [25].
The heaviness impression induced by lower frequency sound
has been shown to occur even for an object that participants
are actually holding in their hands [26]. Based on these find-
ings, we hypothesized that users would experience a greater
sense of heaviness when a tone with lower pitch and/or
greater loudness was generated in response to their action.

In what follows, we will first describe the relationship
between our proposed method and earlier related studies
on pseudo-haptics methods and auditory-haptic association.
Then, we will describe our method and report on the psy-
chophysical experiments that were conducted to evaluate
its performance. Finally, we will discuss its limitations and
future issues.

B. RELATED WORK

1) MULTISENSORY INTEGRATION IN A DIGITAL SETTING
Users can achieve rich sensory experiences by integrating
information from multiple senses. When users interact with
an external object with motor action, the action often causes
a set of changes in the object. For example, the action may
cause the object’s movement, deformation, sound, and vibra-
tion. To perceptually comprehend what sort of the change
in the object is caused by the interaction, users need to
integrate multiple sensory information related to the change,
which is obtained in visual, auditory, tactile, and kinesthetic
modalities. To determine whether or not the information
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should be integrated, sensory mechanisms in users employ
various stimulus factors. For instance, users integrate the
inputs from multisensory modalities based on their temporal
proximity [27], [28]. Temporal discrepancies between the
sensory inputs can result in the biased estimation of the
object’s characteristics [29], [30], which is often formulated
via maximum likelihood estimation [31].

Previous studies in the field of human-computer interac-
tion have proposed some methods to provide rich sensory
experiences and/or improve manipulation performances by
applying the characteristics of the human multisensory inte-
gration (e.g., [32]-[36]). It is known that the presentation
of haptic impressions is modulated by the temporal integra-
tion between auditory and tactile information [29], which
indicates that auditory stimuli are one of the valid sources
for the modulation of haptic impressions in users [37], [38].
In this respect, it is worth checking how auditory stimuli can
modulate the heaviness sensation.

2) VISUALLY INDUCED HEAVINESS SENSATION

While the present study proposes a method for modulating
a sense of heaviness through the manipulation of auditory
feedback in response to a user’s action in a multimodal man-
ner, most previous studies have proposed methods that rely on
the manipulation of visual feedback after an action has been
performed. Conventional methods can be classified into two
categories: those that manipulate the ratio of visualized dis-
placement to input displacement, and those that manipulate
delay.

The former is the ratio of the amount of an avatar’s move-
ment, such as that of a cursor on a monitor, to the amount of
the user’s input movement, such as that made using a mouse.
The larger the ratio, the greater the sense of heaviness the user
experiences. In earlier studies, users who grasped and lifted
a real object have reported a greater sense of heaviness when
the visual speed of the object is reduced (i.e., when the ratio
is larger) [39]-[41].

Independently of pseudo-haptic techniques in human-
computer interaction, delayed visual feedback has been a
focus of attention in the field of motor control, as it is a
parameter that can induce an illusory sense of force such as
heaviness or resistance. For example, Honda et al. reported
that when a participant’s arm movement was linked to the
motion of a virtual object as visual feedback, a 200-400 ms
delay in the visual feedback resulted in a greater percep-
tion of mass than without that delay [10]. In another study,
when participants periodically flexed and extended their
wrist while seeing an image of their hand with a delay of
150-600 ms, they reported that the wrist seemed to become
heavier [11]. It has been proposed that the illusory force
sensation produced by the delayed visual feedback results
from the brain’s reselection of an internal model of the
mechanical load applied to the hand, rather than from an error
itself between the predicted and the visually observed hand
position [13].
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3) PERCEPTION OF DELAYED SOUND FEEDBACK IN
RESPONSE TO USER ACTION

In this study, we propose a method using auditory feedback,
such as a beep with a certain delay applied to it, that is
provided in response to a mouse button click. The perception
of delayed auditory feedback in response to a user’s action
has been thoroughly investigated in studies into the human
delay detection threshold and causal perception.

To investigate the delay detection threshold, researchers
conducted experiments in which they asked participants to
judge which of the events came first, that is, their action
(e.g., a mouse click) or the sound feedback, while changing
the temporal interval between the events [42], [43]. It is
known that detection thresholds for a delay in action feedback
vary within the range of delays employed in stimulus sets.
For example, when the delay ranged between 0 and 200 ms,
the delay detection threshold was 40-50 ms [42], [43].
On the other hand, the wider the range of the delay used in the
experiment, the larger the delay detection range tended to be.
For example, when the delay ranged between 0 and 419 ms,
the delay detection threshold was about 300 ms [44]. The
delay detection threshold is also altered by adaption to a
specific delay [42], [43].

The perceived causality between a user’s keypress
(or physical button press) and corresponding auditory feed-
back is also weakened when a delay is added to the auditory
feedback. It has been shown that participants tended to per-
ceive the timing of the keypress and the timing of the beep
presentation as being closer to each other than they actually
were [15]. This effect becomes weaker as the time interval
between the keypress and the beep increases (specifically,
when the delay range was in the 250-650 ms range) [15].
These results suggest that subjective proximity governs the
strength of subjective causality between the keypress and
the auditory feedback. Consistent with this suggestion, when
participants are asked to evaluate the sense of agency they
feel (i.e., the sensation that they caused the beep), it has
been shown that a 100-600 ms delay between the keypress
(or physical button press) and the beep weakened the sense
of agency [16], [17].

Although previous studies have investigated the perception
of delay in auditory feedback for a user’s action and its effect
on the sense of agency, no study has examined the effect of
the delay in auditory feedback on the sense of heaviness.

4) HAPTIC ILLUSION WITH SOUND FEEDBACK

The method proposed in this study modulates the auditory
feedback provided in response to a user’s action. It has been
reported that the perception of tactile texture can be changed
by modulating the auditory feedback provided in response
to the rubbing of textured surfaces; this is called the parch-
ment skin illusion. In this illusion, enhanced high-frequency
feedback of the sound of two palms rubbing together made
the palms feel drier and more like parchment paper [45].
This kind of audio-haptic interaction arises possibly because
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temporal frequency channels are linked between the two
sensory modalities [46]. The illusion is weakened when the
auditory feedback is delayed [47], which suggests that tem-
poral consistency between an individual’s action and sound
feedback is important for the illusion to occur. These findings
show the possibility that humans have the ability to judge
haptic sensations based on auditory information related to
self-motion, which supports the effectiveness of our method
using action-related auditory feedback.

The illusion is not limited to the user rubbing his or her
palms together but occurs when users judged the texture
roughness of other objects. Specifically, it is known that white
noise as auditory feedback alters the perception of tactile
roughness [48]. Moreover, in a pilot study that examined
pseudo-haptics using auditory feedback instead of conven-
tional visual feedback, it was shown that the presentation of
a white noise sound while a mouse cursor was located within
a certain area could create a different subjective impres-
sion from that experienced when the mouse entered an area
without a white noise sound being triggered [49]. Although
this study did not report what impressions were produced or
how strongly, their results suggest that pseudo-haptics can be
induced by using auditory feedback.

5) SOUND-BASED RECOGNITION OF MATERIALS

In our method, we manipulate not only the delay in the
auditory feedback in response to a user’s button click but
also the frequency and loudness of the sound. Even when
listening to sounds passively without acting, humans can
use the frequency and loudness of the sound to estimate
the heaviness of an object. Specifically, lower-pitched and
louder collision sounds were judged as being caused by larger
and heavier objects [23]. The results suggest that humans
associate lower-pitched or louder sounds with weight. Con-
sistent with this finding is an experiment in which partici-
pants listened to sounds presented by a speaker and evaluated
their impressions, in which participants tended to rate lower-
pitched sounds as heavier [24].

This perceptual association between weight and sound
exists not only when passively hearing a sound but also when
actually touching an object. When grasping or lifting heav-
ier objects, participants tended to associate a lower-pitched
sound with a heavier object (note that no actual sound was
presented) [50]. It was also reported that when a low-pitch
sound was presented when a paper box was placed in the palm
of a participant’s hand, they rated the weight of the box as
heavier than when a high-pitched sound was presented [26].
On the other hand, changing the loudness of the sound did
not affect the weight evaluation [26]. A study examining the
effect of auditory feedback on performance when picking
a virtual object noted an introspective report that the user
interpreted the object to be heavier when the sound pitch
played during the object picking was lower [51]. Another
study reported that the weight of one’s avatar, although not
an external object, was rated heavier as the central frequency
of the avatar’s footsteps was lower [52].
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These findings suggest that humans have, in their daily
lives, empirically and statistically associated the properties of
the sounds produced by an object with the heaviness of that
object. Although these earlier studies did not examine how the
frequency and loudness of auditory feedback in response to
a user’s action modulated the user’s estimation of heaviness,
we expect that the association between object heaviness and
sound frequency and loudness may allow us to modulate the
user’s estimation of heaviness by presenting a lower-pitched
or louder action-related sound.

C. OVERVIEW

The purpose of this study was to investigate how the mod-
ulation of auditory feedback in response to a user’s button
click altered the sense of heaviness perceived by the user.
As shown in Fig. 1, we used a situation in which a button was
displayed on the screen and the user clicked on the button
using a mouse. After the button was clicked, a pure tone
was presented as auditory feedback through headphones or
speakers. The button click did not alter the appearance of the
button and hence no visual feedback was given to the exper-
iment participants. We aimed at modulating the subjective
magnitude of the heaviness by controlling the delay between
the button click and the presentation of the pure tone, the
frequency of the pure tone, and the loudness of the pure tone.

\

Delay
>

Expl, Transient MI\M

Exp2, Onset

Exp3, Offset

High
Loudness

Exp4

Low M,

Loudness

time

FIGURE 1. Temporal design of feedback sound stimuli in experiments 1-4.
Note that, in addition to the control of delay and loudness of the sound
as shown in this figure, we also manipulated the frequency of the sound
in Experiments 1-3.

We hypothesized that the sense of heaviness would
increase with the delay between the button click and the audi-
tory feedback, with a lowering of the tone frequency, or with
an increase in the tone loudness. To test these hypotheses,
we conducted four experiments.
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In Experiment 1 (section II), we examined whether a
delay between a button click and the presentation of a
transient pure tone would affect the subjective heaviness
evaluation (Fig. 1a). The effect was compared with that of
the frequency of a pure tone on the heaviness modulation.
In Experiment 2 (section III), we tested whether a delay in
the onset of the feedback tone affected the illusory sense
of heaviness: when the user clicked a button, the tone was
presented for a longer duration than that used in Experiment 1
(Fig. 1b). In Experiment 3 (section IV), we tested whether a
delay in the offset of the feedback tone affected the illusory
sense of heaviness: the pure tone was presented from the
beginning of each trial, and when the button was clicked,
the tone stopped after a certain delay (Fig. 1c). We again
compared the effect of delay in tone onset and offset to the
effect of the tone frequency. Note that, in Experiments 1,
2, and 3, we asked the participants to adjust the perceived
loudness to be the same for each sound frequency condition
to separate the effect of sound frequency from the difference
in physical intensity of the sound. Finally, in Experiment 4
(section V), we examined how the loudness and delay of the
feedback tone affected the heaviness evaluation (Fig. 1a).

Il. EXPERIMENT 1: EFFECTS OF DELAY AND

FREQUENCY OF FEEDBACK SOUND

A. PURPOSE

The purpose of the experiment was to examine whether the
participants could feel heaviness in relation to the temporal
delay and frequency of a pure tone triggered by their button
clicks. In the experiment, the participants were asked to click
a button on a display to play a pure tone. The delay in the
onset of the pure tone from the time point of the participant’s
button click was varied between five different intervals: O,
100, 200, 300, and 500 msec. Also, the frequency of the
pure tone was varied between two different frequency levels
(low-pitch: 200 Hz and high-pitch: 400 Hz) and it was com-
pared to a pure tone of medium frequency (300 Hz) as a
reference stimulus. The effects of delay and frequency on the
degree of perceived heaviness were tested.

B. MATERIALS AND METHODS

1) PARTICIPANTS

One hundred and thirty-one people (65 females and 66 males)
participated in the experiment and the mean = standard devi-
ation (SD) of their age was 40.27 + 11.18 years. By using
a statistical calculator, Morepower 6.0 [53], we calculated
the sample size for a within-subjects design: a medium-
effect size (Cohen’s FF = 0.25), a power of 80%, and
an alpha of 5%. Minimum sample size that satisfies these
conditions for all factors was 126. Therefore, we recruited
participants so that the sample size would be more than 126.
A Japanese crowdsourcing research company recruited the
participants online and they were paid for their participation.
They were unaware of the specific purpose of the experiment.
Ethical approval for this study was obtained from the ethics
committee at Nippon Telegraph and Telephone Corporation
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(Approval number: R02-009 by NTT Communication Sci-
ence Laboratories Ethics Committee). The experiments were
conducted according to principles that have their origin in the
Helsinki Declaration. Written informed consent was digitally
obtained from all observers in this study.

2) APPARATUS

The experiment conducted in this study was carried out using
the participants’ own personal computers (PC) because our
experimental script could only be run on a PC. Hence, smart-
phones or tablet PCs, which do not have keyboards, could
not be used in this experiment. Viewing distance and screen
size were not controlled because their effect was not evident
in the preliminary observation provided the user used the PC
normally.

3) STIMULI

The auditory feedback presented after a button click was a
sinusoidal pure tone that decayed according to the following
equation:

0 (1) = Ae B sin Qrrwr) 1)

In the above equation, the amplitude, A, was defined as the
maximum amplitude that is allowed in a wav file, and the
decay rate, B, was defined as 20. The sampling frequency was
defined as 44 kHz. The duration of the feedback sound was
500 ms. We adopted the pure sinusoidal tone with temporal
decay because it is known to be a simple and natural model
for haptic and auditory feedback when tapping a virtual
object [54].

As shown in Figure 2a, the visual stimuli consisted of two
square buttons each having sides of 100 x 100 pixels and
a grayscale value of 255. The buttons were presented side by
side in the center of the display against a uniform background
(with a grayscale value of 128). The square buttons were
sequentially presented: the first one was presented on the left
side of the display and the second one on the right side of the
display. When a participant clicked each button, a feedback
tone was played with a delay. No visual change occurred
in the button. Clicking one of the buttons triggered either a
reference or comparison stimulus. Button assignment to the
reference or comparison stimulus was randomly determined
for each trial. The reference stimulus had a 300 Hz frequency
and was always presented with a 200 ms delay after the
participant’s click. The comparison stimulus had one of two
frequencies (200 Hz or 400 Hz) and was accompanied by
one of five delays (0, 100, 200, 300, and 500 ms). The delay
of the tone was determined on the basis of the time elapsed
from the participant’s click, not on the elapsed number of
frames. Therefore, the delay accuracy was not substantially
affected by the frame rate of a participant’s PC. In addition to
normal trials, we conducted catch trials to ascertain whether
the participants gave appropriate responses. In the catch trials,
no sound was played when participants clicked the first and
second buttons.

In order to check the latency between the participants’
mouse clicks and the feedback sound being emitted in
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an online experimental environment, the temporal interval
between the onset of a mouse click and the sound emit-
ted from the speaker of the author’s PC was preliminarily
measured as “actual delay”. The actual delay was measured
twenty times for each delay condition (i.e., five delay condi-
tions x 20 repetitions) in random order. The results are shown
in Fig 2b. The result of regression analysis for the actual delay
as a function of expected delay, was a slope of 1.00, with an
intercept of 102.12. The slope of 1.00 meant that the system
delay was constant across the delay conditions we tested.
Therefore, for all delay conditions, the relative differences
between the expected and actual delays were kept constant
at approximately 102 ms.

4) PROCEDURE

At the beginning of the experiment, the participants were
presented with written instructions that described the situa-
tion and their tasks in the experiment. After reading this, the
participants adjusted the volume of the pure tone of 300 Hz
(i.e., reference stimulus) to a comfortable loudness. After
that, participants were also asked to adjust the volumes of
pure tones of 200 Hz and 400 Hz so that the intensity felt
equal to that of the 300 Hz tone. The participants used the
up and down keys to change the volume. After the volume
adjustment, the experiment was started.

The participant’s task was to click two square buttons
sequentially presented on the display to trigger a sound. The
first square button was presented on the left side of the dis-
play. After participants clicked the button, the first feedback
tone was played with a delay. After 500 ms from the offset of
the tone, the second square button was presented on the right
side of the display. When participants clicked the button, the
second feedback tone was played with a delay (note that the
reference and comparison stimuli were randomly assigned to
the first and second buttons). When 500 ms had elapsed from
the offset of the second tone, the answer screen was presented.
On the answer screen, the following instruction was shown to
the participants, ‘“Please rate which button was heavier on a
scale of 1 to 5 Participants reported this on a 5-point scale by
pressing the assigned keys (1: the left one was much heavier,
2: the left one was slightly heavier, 3: they were comparable,
4: the right one was slightly heavier and 5: the right one
was much heavier). A key of 0 (“‘no sound was presented’’)
was also presented as a choice option, on the assumption that
participants would choose this option in catch trials in which
no sound was presented. After reporting the evaluation, the
next trial began.

We randomized the order of presentation every 11 trials
(i.e., 2 frequency conditions x 5 delay conditions + 1 catch
trial) and repeated them four times, thus, each participant
performed 44 trials in total.

5) ANALYSIS

Before the analysis, we excluded participants who did not
select the ““no sound’’ option in the catch trial at least twice or
who selected the “no sound”” option in normal experimental
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trials at least once since it is highly likely that the experi-
mental stimuli were not presented appropriately to them. Two
participants were excluded by this procedure, and data from
the other 129 participants were used for subsequent analyses.

Since it was randomly determined whether the comparison
stimulus was assigned to the first (left) or second (right)
button, the rating scores were sometimes reversed between
these cases. Therefore, we inverted the rating scores in the
former case so that the rating scores became higher when
participants evaluated the comparison stimulus as heavier.

Rating scores using the Likert scale have upper and lower
limits and do not exhibit normality under the conditions in
which mean scores are located near the upper or lower limit.
Therefore, we first carried out an aligned rank transform
(ART) [55] for the rating scores, and then, conducted a two-
way repeated measures analysis of variance (ANOVA) with
the delay and the frequency as within-subject factors. Multi-
ple tests with Bonferroni correction were then performed for
the delay factor.

C. RESULTS AND DISCUSSION

Figure 3 shows the results of the heaviness ratings scores
when the frequency and delay were changed. In this and
the following plots, higher rating scores than 3 meant that the
comparison stimulus was reported to be heavier than the
reference stimulus (having frequency of 300 Hz and delay
of 200ms). The ART-ANOVA test showed significant main
effects of the delay condition (F(4,512) = 4.87,p <
0.001, 771% = 0.04). Multiple comparison tests for the delay
conditions showed that the mean rating scores for the 0 ms
and 100 ms delay conditions were significantly smaller than
that for the 500 ms delay condition. The ART-ANOVA test
also showed the significant main effect of the frequency
condition (F(1,128) = 89.05,p < 0.001, '71% = 0.41),
which means the significant difference between the 200 Hz
and 400 Hz conditions (since there were only two conditions).
The interaction between the delay and frequency was not
significant (F (4, 512) = 0.87, p = 0.48, n> = 0.01).

The results showed that participants tended to report a
stronger heaviness sensation when a lower-pitched feedback
sound was presented after clicking the button. The results
that the past finding that lower-pitched sounds induced a
stronger heaviness sensation in passive situations [24] can be
replicated even in an interactive situation.

We also found that participants tended to report a stronger
heaviness sensation when the auditory feedback in response
to their button click was presented with a longer delay. These
results suggest that the illusory heaviness sensation which
is induced by the conventional method of delayed visual
feedback [10], [11] can also be induced by delayed auditory
feedback. A similar mechanism which is independent of
the sensory modalities might underlie the illusory heaviness
sensation.

While we showed that presenting a transient sound
with a delay could induce an illusory heaviness sensation,
in our daily lives, the auditory feedback of clicking/pressing
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FIGURE 2. (a) Trial sequence of experiment 1. The presentation order of the reference and comparison stimuli was determined in a randomized
manner for each trial. (b) The actual delay as a function of the expected delay, which was calculated to check the validity of our experimental program
in an online experimental environment. Each circle represents the actual delay for each trial. The line represents a linear function regressed for the

actual delay as a function of the expected delay.

a button is not always a transient sound. For example, when
we turn on a radio by pressing a button, a sound will start to
play, or a sound that had been playing will stop. It is important
to investigate whether a delay in either the onset timing or
the offset timing of the feedback sound can modulate the
heaviness sensation in order to understand the applicability
of our method and the mechanism underlying it. Since the
transient sound used in this experiment had a fixed dura-
tion of 500ms, the onset and offset timings changed in the
same way across different delay conditions. Therefore, in the
subsequent experiments, we used a continuous sound instead
of a transient sound to control the onset and offset timings
independently and confirm the effect of the delay.

Ill. EXPERIMENT 2: EFFECT OF THE ONSET OF

FEEDBACK SOUND

The purpose of the experiment was to examine whether the
participants used the onset timing of delayed auditory feed-
back to estimate the heaviness sensation. In experiment 1,
we observed that temporal delay of a transient feedback sound
had an effect on the heaviness evaluation. In this experiment,
we asked participants to click a button on a display to start
playing a continuous pure tone. The delay in the onset of the
pure tone feedback from the timing of the participant’s button
click was varied among five different intervals: 0, 100, 200,
300, and 500 msec. The other conditions and procedures were
the same as in Experiment 1.

A. METHODS

1) PARTICIPANTS

One hundred and twenty-nine people (63 females and
66 males), who had not participated in Experiment 1,
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participated in Experiment 2. The mean % SD of their age was
39.79 + 11.45 years. The protocol for the consent, recruit-
ment, and ethics were identical those as used in Experiment 1.

2) STIMULI

The stimuli used in this experiment were identical to those
in Experiment 1, except for the feedback sound presented
after the button click. A continuous sinusoidal wave was used
as the auditory feedback. When a participant clicked each
button, a feedback sound was played at a constant volume
without decay. As in Experiment 1, the reference stimulus had
a 300 Hz frequency and was presented with a 200 ms delay
after the button click. The comparison stimulus had one of
two frequencies (200 Hz and 400 Hz) and was accompanied
by one of five onset delays (0, 100, 200, 300, and 500 ms).

3) PROCEDURE

The procedure was identical to that of Experiment 1 except
for the following points. In this experiment, the feedback
sound kept playing after the button was clicked. Five hun-
dred milliseconds after the onset of the feedback sound, the
instruction to proceed to the next screen by pressing the
Q key was displayed. When the Q key was pressed, the sound
stopped and the next screen was displayed.

4) ANALYSIS

The analysis method was the same as in Experiment 1.
We excluded six participants who did not select the
“no sound” option in the catch trial at least twice or who
selected the ““no sound” option in normal experimental trials
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FIGURE 3. Letter-value plots of heaviness rating scores in experiment 1. The white dots and the horizontal
lines indicate the mean and the median of the rating scores, respectively.

TABLE 1. Results of ART-ANOVA [55] in experiment 1.

Factor df dfres Sum of Squares = Mean Square F p ng
Frequency 1 128 52714352.28  52714352.28 89.05 0.00 041
Delay 4 512 655060.47 163765.12 4.87 0.00 0.04
Frequency x Delay 4 512 81043.44 20260.86 0.87 048 0.01

at least once. Thus, data from the other 123 participants were
used for subsequent analyses.

B. RESULTS AND DISCUSSION

Figure 4 shows the results of the heaviness ratings scores
when the frequency and delay onset were changed. The
ART-ANOVA test showed the significant main effect of the
frequency condition (F(1,122) = 126.58,p < 0.001,
775 = 0.51), which means the significant difference between
the 200 Hz and 400 Hz conditions. On the other hand, the
ART-ANOVA test did not show the significant main effect
of the delay condition (F(4,488) = 1.24,p = 0.29,
771% = 0.01). The interaction between them was not significant
(F(4,488) =0.57,p = 0.68, 17; < 0.01).

In contrast to Experiment 1, the results showed that
the heaviness perception was not affected by the onset of
the delayed auditory feedback, even though the onset of the
feedback sound should have been a powerful temporal marker
to judge the presentation timing. A key difference in stimuli
between Experiment 1 and the present experiment was the
duration of the feedback sound. In Experiment 1, because the
duration of the sound was short, the participants were able to
use the offset as well as the onset of the feedback sound to
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judge the heaviness. Since it turned out that the onset of the
sound when a continuous sound was used did not play a major
role in the determination of the heaviness sensation, there is
a possibility that the illusory heaviness sensation arises from
the delay of the offset rather than that of the onset of the
feedback sound provided in response to a button click. To test
this possibility, we conducted the next experiment wherein
the offset timing of the sound was manipulated.

IV. EXPERIMENT 3: EFFECT OF THE OFFSET

OF FEEDBACK SOUND

The purpose of the experiment was to examine whether
the offset timing of the feedback sound contributed to the
heaviness sensation. The heaviness sensation evoked with
a transient pure tone in Experiment 1 was not evoked with
a continuous tone in Experiment 2. A possible hypothe-
sis derived from these results is that the offset, rather than
the onset, plays a major role in the heaviness sensation.
To address this issue, we conducted Experiment 3, wherein
the pure tone was presented from the beginning of each trial,
and when the button was clicked, the tone stopped after a
delay. The delay of the offset of the pure tone from the
timing of the participant’s button click was varied among
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FIGURE 4. Letter-value plots of heaviness rating scores in experiment 2. The white dots and the horizontal
lines indicate the mean and the median of the rating scores, respectively.

TABLE 2. Results of ART-ANOVA [55] in experiment 2.

Factor df dfres Sum of Squares  Mean Square F p 77;
Frequency 1 122 59328454.28  59328454.28 126.58 0.00 0.51
Delay 4 488 92506.55 23126.64 124 029 001
Frequency x Delay 4 488 35817.35 8954.34 0.57 0.68 0.00

five different levels: 0, 100, 200, 300, and 500 ms. The other
conditions and procedures were identical to those used in
Experiment 1.

A. METHODS

1) PARTICIPANTS

One hundred and thirty people (64 females and 66 males),
who had not participated in Experiments 1 and 2, participated
in Experiment 3. The mean £ SD of their age was 39.91 +
11.48 years. The protocol for the consent, recruitment, and
ethics were identical those as used in Experiment 1.

2) STIMULI

The stimuli presented were identical to those in Experiment 1,
except for the way of providing feedback after the button
click of the participants. Similarly to Experiment 2, a pure
tone with a sinusoidal wave was used as auditory feedback.
In contrast to Experiments 1 and 2, the sound was played from
the beginning of each trial and stopped with some delay when
the participant clicked the button. As in Experiment 1, the
reference stimulus had a 300 Hz frequency and was presented
with a 200 ms delay after the button click. The comparison
stimulus had one of two frequencies (200 Hz and 400 Hz)
and was accompanied by one of five delayed offsets (0, 100,
200, 300, and 500 ms).
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3) PROCEDURE

The procedure was identical to that as used in Experiment 1
except for the following points. The task of the participant
was to listen to the sound that was played from the beginning
of each trial and stop it by clicking the button on the mon-
itor. Five hundred milliseconds after the end of the sound,
the participants were allowed to press the Q key to display
the second button (in the case of the first button click) or the
answer screen (in the case of the second button click).

4) ANALYSIS

The analysis method was the same as in Experiment 1.
We excluded seven participants who did not select the “no
sound” option in the catch trial at least twice or who selected
the ““no sound” option in normal experimental trials at least
once. Thus, data from the other 122 participants were used
for subsequent analyses.

B. RESULTS AND DISCUSSION

Figure 5 shows the results of the heaviness ratings scores
when the frequency and delayed offset were changed. The
ART-ANOVA test showed significant main effects of the
delay condition (F (4, 484) = 7.09,p < 0.001, 171% = 0.06).
Multiple comparison tests showed that the mean rating score
for the 0 ms delay condition was significantly smaller than
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FIGURE 5. Letter-value plots of heaviness rating scores in experiment 3. The white dots and the horizontal
line indicate the mean and the median of the rating scores, respectively.

that for the 300 ms and 500 ms delay conditions and that
the mean rating score for the 100 ms delay condition was
significantly smaller than that for the 300 ms and 500 ms
delay conditions. The ART-ANOVA test also showed the sig-
nificant main effect of the frequency condition (F (1, 121) =
87.43,p < 0.001, '71% = 0.42), which means the significant
difference between the 200 Hz and 400 Hz conditions. The
interaction between them was not significant (F(4,484) =
0.70, p = 0.59, > < 0.01).

While the manipulation of onset timing in Experiment
2 did not affect the heaviness evaluation, the manipulation
of offset timing in this experiment did affect it. The results
suggest that the offset timing of the feedback sound plays a
critical role in evoking a sense of heaviness accompanying
the button click.

V. EXPERIMENT 4: EFFECTS OF LOUDNESS OF

FEEDBACK SOUND

The purpose of the experiment was to examine the effect of
the loudness of a transient pure tone accompanying a button
click on the illusory heaviness sensation as well as the effect
of delay. The experimental procedures were identical to those
used in Experiment 1, except that we manipulated the sound
loudness condition instead of the sound frequency condition.
The loudness of the pure tone was varied between two dif-
ferent levels (low and high) and it was compared to reference
stimuli of a pure tone with medium volume. The effects of
loudness and delay on the illusory heaviness sensation were
tested.

VOLUME 10, 2022

A. METHODS

1) PARTICIPANTS

One hundred and twenty-seven people (63 females and
64 males), who had not participated in Experiment 1, 2, or 3,
participated in Experiment 4. The mean % SD of their age was
39.75 £ 11.52 years. The protocol for the consent, recruit-
ment, and ethics were identical those as used in Experiment 1.

2) STIMULI

The stimuli presented were identical to those in Experiment 1,
except that we manipulated the loudness of the feedback
sound instead of the frequency. We used the same decaying
sine wave as in Experiment 1. The comparison stimulus
has two levels of loudness (low and high) and five delay
conditions (0, 100, 200, 300, and 500 ms). The volumes of the
low and high conditions were set by the participants before
the start of the experiment (see next section on procedure)
as the minimum volume that could be heard and the maxi-
mum volume that was not considered too loud, respectively.
The reference stimulus was the mean volume of the low and
high loudness conditions, and was emitted with a 200 ms
delay after the button click. The frequency of both the ref-
erence and comparison stimuli was 300 Hz.

3) PROCEDURE

The procedure was the same as that in Experiment 1 except
for the following points. After reading the instructions, the
participants were asked to adjust the volume of a pure tone
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TABLE 3. Results of ART-ANOVA [55] in experiment 3.

Factor df dfres Sum of Squares Mean Square F p né
Frequency 1 121 45954728.20 4595472820 87.43 0.00 042
Delay 4 484 912013.21 228003.30 7.09 0.00 0.06
Frequency x Delay 4 484 63592.97 15898.24 070 059 0.01

of 300 Hz. To determine the volume of the comparison stimu-
lus in our “Low”” loudness condition, they were asked to turn
the volume down to the point that it was barely audible. After
that, to determine the volume of the comparison stimulus
in our “high” loudness condition, they were asked to turn
the volume up to the point where it was loud but not too
loud. To change the volume, the participants used the up and
down keys. After the volume adjustment, the experiment was
started.

4) ANALYSIS

In this experiment, we adopted an additional criterion for
excluding participants who erroneously adjusted the volumes
of stimuli in the small and large loudness conditions to be
equal or inverted since this implied that the loudness of
the feedback stimuli presented to the participants was not
appropriate for our experimental purpose. First, we excluded
67 participants based on this criterion. Next, in the same
manner as in Experiment 1, we also excluded three other
participants who did not select the “no sound’ option in the
catch trial at least twice or who selected the “no sound”
option in normal experimental trials at least once. Thus, data
from the other 57 participants (29 females and 28 males;
mean =+ SD of their age was 39.26 £ 11.84 years) were used
for subsequent analyses. Note that even after excluding these
participants, the gender ratio and the mean and SD of their
ages were almost the same as before the exclusion.

B. RESULTS AND DISCUSSION

Figure 6 shows the results of the heaviness ratings scores
as a function of loudness and delay. The ART-ANOVA test
showed a significant main effect of the loudness condition
(F(1,56) = 17.82,p < 0.001, 7),2, = 0.24), which means
the significant difference between low and high loudness
conditions. We also found a significant main effect of the
delay condition (F(4,224) = 15.85, p < 0.001, 17; = 0.22).
Multiple comparison tests showed that the mean rating score
for the 0 ms delay condition was significantly smaller than
that for the 200, 300, and 500 ms delay conditions and that
the mean rating score for the 500 ms delay condition was sig-
nificantly larger than that for the 100, 200, and 300 ms delay
conditions. The interaction between them was not significant
(F(4,224) = 0.22,p < 0.93, 5 < 0.01).

The results showed that the feedback sounds accompany-
ing the participants’ button clicks that produced the stronger
sensation of heaviness were the louder sounds. The partici-
pants might have estimated the heaviness influenced by their
prior knowledge that heavier objects tend to produce a louder
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sound upon impact [23]. Contrary to our results, a previ-
ous study [26] that manipulated the loudness of the sound
presented when a box was placed in the palm of the hand
reported no significant effect of the loudness on the heaviness
judgement. The effect of loudness in our study might be
unique to the situation in which users produced the feedback
sound by performing an action, in our experiment by clicking
a button. This hypothesis that the correspondence between an
action and the feedback is important for the loudness effect
could be tested by directly comparing the active condition
(i.e., the results in this study) with the passive condition
(i.e., the results of [26]) in the similar experimental setting.
We also replicated the effect of delay in auditory feed-
back on the illusory heaviness sensation which occurred in
Experiment 1. However, the effect size of the delay in this
experiment was much greater than that in Experiment 1. The
difference in the effect sizes might be explained in terms
of a relative contribution of delay and other cues to the
heaviness sensation. The effect size for the main effect of
frequency in Experiment 1 was greater than the effect size
for the main effect of loudness in Experiment 4. The results
indicate that the contribution that frequency makes to the
sensation of heaviness is greater than that of loudness. When
delay is experimentally paired with these cues, the relative
contribution of delay is possibly greater when it is paired with
loudness than when it is paired with frequency. Thus, though
delay is an effective cue to the heaviness sensation as shown
in this experiment, the effect of delay is possibly reduced
when other strong cues such as frequency are presented.

VI. DISCUSSION

A. PERCEPTUAL FACTORS

Our results showed that participants tended to report a
stronger sensation of heaviness when auditory feedback was
presented with a longer delay. On the other hand, the mech-
anism of the illusory heaviness sensation remains unclear.
As described above, the brain possibly internalizes the
relationship between object heaviness and the frequency/
loudness of sound [23], [24]. Similarly, the brain may
internalize a statistical relationship between the heaviness of
an object and the movement delay that occurs when a force
is applied to that object. Our ancestors may have repeatedly
experienced that heavy objects take longer to move after
force is applied to them, and in the process of evolution,
the brain has possibly internalized the statistical relationship
between object heaviness and the delay. The results of the
present experiment may indicate that due to those internalized
statistics, the brain judges an object to be heavier when it
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FIGURE 6. Letter-value plots of heaviness rating scores in experiment 4. The white dots and the horizontal
line indicate the mean and the median of the rating scores, respectively.

TABLE 4. Results of ART-ANOVA [55] in experiment 4.

Factor df dfres Sum of Squares = Mean Square F p né
Loudness 1 56 1697623.59 169762359 17.82 0.00 0.24
Delay 4 224 1462121.95 365530.49 1585 0.00 0.22
Loudness x Delay 4 224 8244.12 2061.03 022 093 0.00

takes longer to start moving or otherwise changing when the
human interacts with it.

The offset timing of auditory feedback affected the judg-
ments of the heaviness sensation while the onset timing did
not, which might suggest that participants were not able to
correctly detect the delay of feedback sounds when the onset
timing was varied. The results are interpreted in terms of
1) perceptual properties for the timing of the sound onset and
2) perceptual properties for the relative timing between the
button click and the sound onset. For 1), it has been shown
that the sound onset was perceptually more biased toward the
offset as the sound duration increased [56]. In this respect,
the onset timing of our stimuli as used in Experiment 2
might be perceptually biased toward the offset timing which
was determined by the participants, and this might eliminate
the effect of the delay on the heaviness sensation. For 2),
a previous study [57] has demonstrated that cross-modal tem-
poral order judgments were influenced by stimulus duration.
Specifically, the sound onset timing in relation to visual onset
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was more perceptually delayed when the sound duration was
longer than when it was shorter. There is a possibility that
in our experiment, the sound onset in relation to the timing
of the button click was perceptually delayed under all delay
conditions, and due to this, the effect of the delay on the
heaviness sensation was attenuated.

We found that lower-pitched and louder feedback sounds
induced a stronger heaviness sensation. The results are con-
sistent with the physical properties of sounds in a natural
scenario, where heavier objects tend to emit lower-pitched
and louder sounds [23]. Based on comparing the effect sizes
between Experiment 1 and Experiment 4, the effect of sound
frequency seemed to be greater than that of sound loudness.
The reason why the effect of loudness was relatively slight
might be that the cause of the differences in sound loudness
cannot be uniquely attributed to the weight of the object.
In fact, loudness tends to be affected not only by the weight of
the objects but also by other multiple factors such as the force
applied to the object, the speed of its movement, and the user’s

50019



IEEE Access

S. Kaneko et al.: Pseudo-Haptic Method Using Auditory Feedback

distance from it. On the other hand, the sound frequency is
closely related to the material of the object [25], and it may
be relatively easy to attribute the cause to the weight (i.e., the
density of the material).

B. TECHNICAL FACTORS

Our method is a powerful means of inducing a sensation of
heaviness using auditory stimuli. This idea is supported by the
robust effects of delay and frequency which were observed
across multiple experiments. It is, in a sense, surprising to
obtain such robust effects in online experiments wherein
different participants would be expected to have diverse lis-
tening environments (e.g., we did not know whether they used
speakers or headphones, and it was also unclear whether they
were participating in a quiet or noisy environment). Because
of the simplicity of our experimental method, there is still
some room to improve certain technical aspects.

While we used pure tones with low (200 Hz) and high
(400 Hz) frequencies in this experiment, in practical use, pure
tones having different frequencies from those we chose could
be used as feedback sounds. Although we found that a low-
frequency (200 Hz) pure tone induced a heavier sensation
than the high-frequency (400 Hz) pure tone, it is an open
question as to whether the relationship between the heaviness
sensation and the tone frequency can be maintained for other
frequency pairs (for example, 400 and 800 Hz). Another open
question is whether it is necessary to add temporal decays
to sound feedback. Although we used decaying sinusoidal
waveform as the transient sounds in our study as observed in
the real world, it is still unclear whether the real-world-like
decay plays a significant role in inducing the illusory sen-
sation of heaviness using temporal delay. In addition, when
a user controls common information devices, the auditory
feedback of the user’s button click is not always presented in
isolation; it will occasionally be presented with other sound
information such as natural sounds, music, and voice. It is
unclear whether the effect of delay on the heaviness sensation
would still be observed even in noisy environments with other
sound sources.

Based on the results of Experiment 1 showing that the
delay of a transient sound after a user’s button click caused
the heaviness sensation, we believe that the application of
our method is feasible in some types of devices where a
transient sound is used as the auditory feedback of a user’s
action like a button click. On the other hand, in other types of
devices such as radios, the sound being fed back after a user’s
action is more likely to be speech or music, the duration of
which is usually longer and which has a considerably more
complex temporal structure than that of pure sound. Because
it was shown in Experiment 2 that the onset delay of long
pure tones did not cause the heaviness sensation, the delay
is unlikely to be effective in inducing a heaviness sensation
when devices that use long duration sounds as feedback are
employed. On the other hand, if the presence of the offset and
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its timing is an important factor in inducing the heaviness sen-
sation, inserting an explicit sound offset (temporal gap) into
continuous sounds may allow us to modulate the heaviness
sensation.

Our proposed method might be compatible with visually
induced pseudo-haptics (i.e., extension of our method to mul-
timodalities). For example, when presenting a visual delay
and an auditory delay at the same time, users would be able
to experience the pseudo-haptics effect even when they are
not looking at the screen. Two issues need to be investigated
in this direction. The first is whether the perceived heaviness
increases when visual and auditory methods are used simulta-
neously, compared to when either of the methods is used. The
second is whether the heaviness disappears when visually-
and auditory-induced heaviness sensations are inconsistent.
These issues will need to be addressed in conjunction with
understanding the brain’s computational processes of how
visual and auditory information about heaviness is integrated.

While our purpose in this study was to investigate the aver-
aged tendency across all participants, there might be several
individual differences. For example, the strength of learning
of the co-occurrence relationships of sound and heaviness,
which would be important for estimating heaviness from
sound, might vary from person to person and affect the inten-
sity of the illusory heaviness sensation induced by sound.
Thus, investigating whether the effectiveness of the proposed
method changes based on the user’s background and past
experience is an important direction for future studies to
assess the applicability of the method. Moreover, differences
in the participants’ listening environments (e.g., whether they
used speakers or headphones and whether they were par-
ticipating in a quiet or noisy environment) might result in
the individual difference in our experiments. Since users are
expected to operate their devices in a variety of listening
environments, it is also important to investigate how different
listening environments affect heaviness sensation.

Here, we summarize the pros and cons of using our method
for presenting illusory heaviness sensation. The advantage
of our method is that it requires only a very simple speaker
and can be implemented on many devices. This advantage
contributes to the miniaturization of the device, as it can
generate illusory heaviness sensation without a device that
requires a lot of space, such as a monitor. On the other
hand, the difficulty in presenting spatial information is a
disadvantage of our method. It is not easy to present auditory
feedback according to each of the user’s simultaneous inputs
for multiple locations. Also, auditory feedback is inaudible in
noisy environments, limiting the method’s effectiveness.

The proposed method can be used under application sce-
narios wherein using visual feedback is inappropriate to cause
the heaviness impression. One example for potential appli-
cations is a camera app of smartphones. If visual feedback
is applied to a shutter button in the interface of the camera
app, the visual perception of the camera image as well as
the button of the camera app will be undesirably deterio-
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rated. For the app of this sort, using auditory feedback is
more suitable because no visual distraction occurs with the
auditory feedback. In another direction, our method is also
useful for presenting illusory heaviness on devices with a
small screen on which sufficient visual information cannot be
presented. In the applications of this direction, for example,
the heaviness sensation can be induced by the auditory feed-
back for the operation of devices such as wearable activity
trackers or wireless earphones. Implementing our proposed
method for these possible applications and comparing the
effects with the results in this study will help us understand
how robustly the proposed method works in the various con-
texts of possible applications.

VII. CONCLUSION

We proposed a new method to induce a heaviness sen-
sation by manipulating the delay, frequency, and loudness
of auditory feedback associated with a user’s input action.
In a series of psychophysical experiments, we confirmed that
these parameters effectively modulated the heaviness sensa-
tion. The results of our method suggest that the heaviness
sensation, which has conventionally been induced by mod-
ulating visual feedback, can also be caused by modulating
auditory feedback. This method can be further extended to
present haptic properties to the user even in simple informa-
tion devices without visual and/or tactile displays.
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