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Interaction systems with gesture-based touchless inputs are becoming more common. 
Nevertheless, perceptual properties of the visual feedback used in the system have not 
been well documented. We investigated whether the speed of motion shown in visual 
feedback used in gesture-based touchless inputs could be a cue for the heaviness 
sensation of an object even when other incidental cues, such as changes in object size 
and spatial consistencies in direction between gestures and feedback, were eliminated 
from the stimuli. Participants were asked to make a gesture to grasp and raise/lower disks 
shown on a horizontal display. The disk’s diameter changed in accordance with the vertical 
position of the participant’s hand. The results showed that the rate of change in diameter 
determined the heaviness sensation. When the disks were replaced with concentric 
gratings having sinusoidal radial intensity and thus the cue of size change was eliminated 
from the stimuli, the heaviness sensation was dependent on the speed of phase shift (that 
is, motion) in the grating. It was also found that spatial consistency between the direction 
of gestures and phase shift was not a critical condition for the heaviness sensation. Finally, 
the speed of motion served as a critical determinant of the heaviness sensation even 
when another visual feature (i.e., frame rate) was modulated in a single session, which 
indicates that the effect of the speed of motion on the heaviness sensation was unlikely 
due to demanded characteristics. The results indicate that the heaviness sensation for 
visual feedback of gesture-based touchless inputs is based purely on the speed of the 
visual feedback motion.

Keywords: illusory heaviness sensation, touchless input system, visual feedback, motion speed, pseudo-haptics

INTRODUCTION

With the development of various sensing technologies, it has become feasible to provide gesture-
based touchless inputs to computer systems. Human hand gestures can be  detected by using 
millimeter-wave radar (Lien et  al., 2016; Wang et  al., 2016a), ultrasonic-wave-based doppler 
effects (Wang et  al., 2016b; Sang et  al., 2018), the infrared pyroelectric sensor (Gong et  al., 
2017), doppler radar (Skaria et  al., 2019), depth cameras (Taylor et  al., 2016), WIFI (Zhang 
and Srinivasan, 2016), the combination of electromyography and pressure (McIntosh et al., 2016), 
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and infrared cameras (Leap motion, Ultraleap Inc.).1 Based 
on the detected gesture-based inputs, these systems give sensory 
feedback to users. Gesture-based touchless operations are 
becoming more and more practical in many situations, such 
as digital signage like KIOSK (Georgiou et  al., 2019), car 
systems (Małecki et  al., 2020), smart watches (Ogata and Imai, 
2015; Xu et al., 2015), and public displays (Muller et al., 2014).

While the use of gesture-based touchless inputs is increasing, 
only a few aspects have been studied as to how humans perceive 
the feedback of gesture-based touchless inputs. For example, 
it is known that users of a touchless input system feel the 
sense of agency for events which their gestures produce in 
the external world (Martinez et  al., 2017; Evangelou et  al., 
2021). In particular, the intentional binding phenomenon, which 
is one of the objective measures for the sense of agency (Haggard 
et al., 2002), is stronger when the feedback is presented through 
haptic than visual modalities (Martinez et  al., 2017; Evangelou 
et  al., 2021). When users control the virtual object in the 
display by means of the gesture-based touchless inputs, a three-
dimensional change in the appearance of the object serves to 
give the users a pseudo-haptic impression of the object (Gaucher 
et  al., 2013; Speicher et  al., 2019; Kawabe, 2020). Moreover, 
the virtual button feedback with apparent depth change increases 
several aspects of evaluative impressions such as attractiveness 
and efficiency (Speicher et  al., 2019). In addition to the virtual 
button feedback with depth change, other types of feedback 
from gesture-based input involving position changes (Biocca 
et  al., 2001) and object deformation (Kawabe, 2020) can also 
produce illusory resistance and stiffness sensations.

In this study, we investigated what image parameters contribute 
to the generation of an illusory heaviness sensation (i.e., perceived 
resistance to lifting) when experimental participants manipulated 
visual objects with gesture-based touchless inputs. Previous 
studies (Honda et  al., 2013; Takamuku and Gomi, 2015; Osumi 
et  al., 2018) have shown that the onset delay of visual feedback 
for a user’s action caused the heaviness sensation. Moreover, it 
is also known that the ratio of speed between user’s in-air 
action and visual feedback motion is a critical parameter in 
causing the illusory heaviness sensation of visual objects (Jauregui 
et  al., 2014; Taima et  al., 2014; Samad et  al., 2019). However, 
in these studies, the effect of image motion speed was not 
tested separately from the effect of other components, that is, 
the effect of the change in visual object size and the effect of 
spatial congruency between gestures and the resulting feedback. 
Specifically, in these previous studies, the speed change was 
associated with the change in other types of visual features 
such as position and size. Moreover, the direction of gesture 
or action movements was always consistent with the direction 
of visual feedback (for example, an upward gesture action caused 
an upward movement of visual feedback), and hence, there was 
always a spatial consistency between action and visual feedback.

There are two reasons we  believe that it is essential to test 
these components separately. The first reason comes from the 
scientific point of view. Different brain mechanisms mediate 
between the perception of motion speed (Mikami et  al., 1986) 

1 https://www.ultraleap.com/

and object size (Tanaka and Fujita, 2015). Hence, to clarify the 
mechanism underlying the determination of the heaviness sensation, 
it is meaningful to check whether the heaviness sensation is 
determined based on image motion speed without accessing object 
size information. The second reason comes from the previous 
study (Kawabe, 2020) on the stiffness perception in the touchless 
input system. The previous study showed that the spatial congruency 
between user’s action and the feedback did not influence the 
stiffness perception. In the present study, we tried to check whether 
the generation of the heaviness sensation in the touchless input 
system was free from the spatial congruency between the action 
and its feedback, similar to the stiffness perception.

The purpose of the present study was to examine whether 
the effect of the ratio of the speed between a user’s action and 
its visual feedback on the illusory heaviness sensation could 
still be  observed even when both object size changes and the 
consistency between the direction of the gesture action and the 
direction of the visual feedback motion were eliminated from 
the stimuli. We undertook four experiments which are described 
in more detail below. In each of the experiments, participants 
stood in front of a horizonal screen which showed images as 
shown in Figure  1. The participants then moved their right 
hand to be  above an object, they performed a pinching action 
to simulate grasping the object and moved their hand up and 
down to simulate lifting and lowering the object. In each case 
the appearance of the object changed as they brought their 
hand up and down. In Experiment 1, we  sought to show the 
effect of the ratio of speed between a user’s gesture action and 
its feedback on illusory heaviness sensation in the situation, 
where the participants made a gesture to grasp and then raise/
lower a visual object, without holding any real object (see 
Supplementary Video 1; Figures  1A,B). In Experiment 2, by 
using concentric gratings with sinusoidally varying radial intensity 
as visual stimuli, we  sought to separate the effect of speed from 
the effect of an object’s size change on the illusory heaviness 
sensation (see Supplementary Video 2; Figure 1C). In Experiments 
3 and 4, we  explored how the spatial consistency between  
the participants’ action and visual feedback influenced the  
illusory heaviness sensation (see Supplementary Videos 3, 4; 
Figures  1C,D). The previous experiments controlled only the 
speed of motion in the feedback within an experimental session. 
Thus, there was a possibility that the participants judged the 
heaviness sensation based on the speed of motion as demanded 
characteristics. In Experiment 5, we confirmed whether the speed 
of motion in the visual feedback could influence the heaviness 
sensation even when another visual feature, in addition to the 
speed of motion, was altered. Work related to the present study 
was presented elsewhere in an abstract form (Kawabe et al., 2021).

EXPERIMENTS 1–4

Participants
Eleven right-handed people (six females and five males) with 
the mean age of 25.0 (SD: 7.6) participated in Experiments 
1–3. Of these, 10 people (six females and four males) with 
the mean age of 25.5 (SD: 7.8) participated in Experiment 4. 
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Although the people participated in the experiments in a random 
order, they were not informed about the specific purpose of 
the experiments until they completed all of the experiments. 
The participants reported that they had normal or corrected-
to-normal visual acuity. We  recruited the participants from 
outside the laboratory by a hiring agency company in Japan. 
The participants were paid for their participation. Ethical approval 
for this study was obtained from the ethics committee at Nippon 
Telegraph and Telephone Corporation (Approval number: R02-002 
by NTT Communication Science Laboratories Ethics Committee). 
The experiments were conducted according to the principles 
that have their origin in the Helsinki Declaration. Written 
informed consent was obtained from all observers in this study.

Apparatus
As shown in Figure  1A, stimuli were presented on an LCD 
display (EVC-1301, EVICIV) with the spatial resolution of 
1920 × 1,080 pixels (29.2 × 16.5 cm) and a temporal resolution 
of 60 Hz. A computer (Mac Pro, Apple), on which Windows 
10 was installed, controlled the stimulus presentation and data 

collection. A hand tracker (Leap motion, Ultraleap Inc.) with 
a temporal resolution of 60 Hz was used to track the hand 
position of the participants. The generation and presentation 
of stimuli were controlled by using scripts of Processing 3.2 
A colorimeter (Bm-5A, Topcon, Japan) was used to measure 
and linearize the luminance emitted from the display.

Stimuli
Experiment 1
Stimuli consisted of green and gray disks (Figure 1A, Experiment 
1) with the CIE coordinates of x = 0.31, y = 0.38, and L = 214.9 cd/
m2 for the green disk and x = 0.31, y = 0.33, and L = 157.9 cd/
m2 for the gray disk. When the participant’s right hand was 
placed above the disk, the color of the disk changed from 
gray to green. The initial diameter of the disks in both the 
standard and comparison stimuli was 200 pixels (3.1 cm). 
We  chose the stimulus dimension because we  intended to 

2 https://processing.org
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FIGURE 1 | (A) A photograph of the scene of the Experiment 1 setting. (B–D) Snapshots of typical stimulus display in (B) Experiment 1, (C) Experiments 2 and 3, 
and (D) Experiment 4. (E) A graph plotting the magnitude of diameter change (for Experiment 1) phase shift (for Experiments 2–4) as a function of the vertical height 
of participant’s hand (cm) in which 0 cm height corresponds to a participant hand’s vertical height at which the stimuli started to change their size and phase.
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investigate the object’s size that could be manipulated by hand. 
Two disks were used as the standard and comparison stimuli, 
which were centered at 400 pixels (6.2 cm) to the left and 
right of the center of the display. The diameter of the disks 
changed with the vertical height of the participant’s hand 
(Figure  1E). As the vertical height increased, the diameter 
also increased. We  controlled the speed ratio for the diameter 
change, which was defined as the ratio of the speeds of diameter 
change between the standard and comparison stimuli. In the 
standard stimulus, the diameter of the disk changed by 20 
pixels (0.31 cm) per 1 cm of change in the vertical position 
of the participant’s hand. In the comparison stimulus, the 
diameter of the disk changed by 5, 10, 20, 40, and 80 pixels 
(0.0775, 0.155, 0.31, 0.62, and 1.24 cm) per 1 cm of change in 
the vertical position of the participant’s hand. Thus, five levels 
(0.25, 0.5, 1, 2, and 4) of the speed ratios between the standard 
and test stimuli were employed.

Experiments 2 and 3
Stimuli consisted of the gray and green disks as the standard 
stimuli and a concentric grating as the comparison stimulus. 
The spatial frequency of the concentric grating was 0.4 cycles 
per cm. The speed profile of the disk as the standard stimulus 
was identical to the one as used in Experiment 1. The phase 
of the grating as the comparison stimulus shifted in accordance 
with the change in the vertical position of the participant’s 
hand. Specifically, the phase of the grating shifted by 5, 10, 
20, 40, and 80 pixels (0.0775, 0.155, 0.31, 0.62, and 1.24 cm) 
per 1 cm of change in the vertical position of the participant’s 
hand. Thus, the speed ratio was again controlled in the five 
levels (0.25, 0.5, 1, 2, and 4).

Experiment 4
Stimuli consisted of a green disk as the standard stimulus and 
a vertical grating as the comparison stimulus. The standard 
stimulus was identical to the previous experiments. Instead of 
the concentric grating as used in Experiment 3, in Experiment 
4, we  used the vertical grating of which spatial frequency was 
again 0.4 cycles per cm. Again, five levels of the speed ratio 
were tested. In each trial, in order to reduce motion aftereffect, 
the direction of phase shift was randomly determined between 
leftward and rightward.

Common Parameters Among Experiments 1–4
In Experiments 2–4, the comparison stimulus was surrounded 
by a green outline one pixel wide when the participant’s hand 
was above the stimuli. In Supplementary Videos 1–4, the 
disk diameter and grating phase are initially not in motion 
even when the participant’s hand starts to move; this is because 
the changes in the disk diameter and grating phase did not 
occur until the height of the participant’s hand with grasping 
gestures reached 25 cm from the surface of the display. That 
is, when the distance between a participant’s hand with grasping 
gestures and the display surface exceeded 25 cm, the raising/
lowering gestures caused the change in size and phase of the 
stimuli. Figure  1E shows a graph plotting the magnitude of 

diameter change (for Experiment 1) phase shift (for Experiments 
2–4) as a function of the vertical height of participant’s hand 
(cm) in which 0 cm height corresponds to a participant hand’s 
vertical height at which the stimuli started to change their 
size and phase. The minimum distance (25 cm) between the 
participant’s hand and the display surface was determined so 
that the participant’s hand would not block the stimuli from 
the participants’ view. As long as we checked, the time/location 
of the start/end of the feedback did not influence the 
heaviness sensation.

Procedure
Experiments 1–4
Each participant was tested individually in a dimly-lit 
experimental chamber. The participant stood in front of the 
desk on which the LCD display was put. In each trial, the 
standard and comparison stimuli were presented on the display, 
while the positions of the stimuli were randomized between 
the left and right of the display. The task of the participants 
was to make a gesture to grasp and raise/lower each stimulus 
by using their right hand and give a rating for the relative 
heaviness sensation between the stimuli with a five-point scale 
(1: the left one much is heavier, 2: the left one is slightly 
heavier, 3: the two are comparable, 4: the right one is slightly 
heavier, and 5: the right one is much heavier). They were 
allowed to repeat their gesture until they felt they could make 
a satisfactory judgment about the heaviness sensation. In each 
experiment, each condition was tested four times and thus 
each observer performed 20 trials, for the five speed ratio 
conditions and four repetitions. The order of the trials was 
pseudo-randomized for all the participants.

Results
Experiment 1
The purpose of Experiment 1 was to test whether the heaviness 
sensation could be induced in a scenario in which the participants 
manipulated the visual object by making a gesture to grasp and 
then raise/lower the visual object (i.e., a solid circle, or disk) 
presented on the display (see Supplementary Video 1; 
Figures 1A,B). We systematically controlled the amount of change 
in the diameter of the disk in accordance with the vertical height 
of the participants’ hand in the raising/lowering gesture (Figure 1E). 
A larger vertical height of their hand caused the disk with a 
larger diameter to be  displayed. In the experiment, we  varied 
the amount of change in diameter cause by, say, 1 cm increase/
decrease in the vertical height of a participant’s hand between 
standard and comparison stimuli. Here, we  defined speed ratio 
as a ratio of the amount of change in diameter in the standard 
stimuli to the amount of change in diameter in the comparison 
stimuli. We hypothesized that consistent with the previous studies 
(Gaucher et  al., 2013; Samad et  al., 2019), a lower speed ratio 
would lead to a heavier sensation for the comparison stimuli. 
We  controlled the ratio of diameter change speeds between 
standard and comparison disks at five levels [speed ratio 
(comparison/standard): 0.25, 0.5, 1, 2, and 4]. The positions of 
the standard and comparison disks were randomized for each 
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trial between the left and right sides of the display. The observers 
compared the heaviness between the left and right disks on the 
display and reported the relative magnitude of heaviness sensation 
between the left and right stimuli on a five-point scale.

Figure 2A plots individual mean rating scores for heaviness 
sensation as a function of the speed ratio. In this and the 
following plots in Figure  2, the rating scores were interpreted 
as to how the comparison stimulus was rated in comparison 
with the standard stimulus. Therefore, higher rating scores 
meant that the comparison stimulus was reported to be heavier 
than the standard stimulus. Because the rating scores do not 
in general follow a normal distribution, we  first carried out 
the aligned rank transform (ART; Wobbrock et  al., 2011) for 
the rating scores and next conducted a one-way repeated 
measures ANOVA with the speed ratio as a within-subject 
factor. As shown in Table  1, the main effect was significant. 
Multiple comparison tests with the Bonferroni correction (see 
the table in the bottom panel of Figure  2A) showed that all 
pairs of the speed ratio showed significant differences. As a 
result, the slower change in diameter of the disks caused the 
heavier sensations of the disk and indicate that consistent with 
the previous studies (Gaucher et al., 2013; Speicher et al., 2019; 
Kawabe, 2020), the speed of the appearance change of objects 
in the display is one of key features for the heaviness sensation.

Experiment 2
Because, in the previous experiment, we manipulated the speed 
ratio by altering the diameter of the disks, the effect of speed 
change on the heaviness sensation was not separated from 
any possible effect of the change in the size of disks. To solve 
this issue, instead of the disks, we used an image of concentric 
gratings rings with a sinusoidally varying luminance intensity 
as the comparison stimulus (see Supplementary Video 2; 
Figure  1C). In this experiment, the increase/decrease in the 
vertical height of the participant’s hand due to raising/lowering 
gestures caused an outward (inward) phase motion in the 
image. By altering the speed of the phase motion, we  could 
test the effect of speed ratio on the heaviness sensation, while 
keeping the overall stimulus size constant. When the speed 
ratio was 1, the speed of the diameter change of the disk as 
the standard stimulus matched the speed of phase shift of the 
concentric gratings as the comparison stimulus.

Figure  2B plots individual mean rating scores for heaviness 
sensation as a function of the speed ratio. After the ART, 
we conducted a one-way repeated measures ANOVA with speed 
ratio as a within-subject factor. As shown in Table  1, the 
main effect was significant. Multiple comparison tests (see the 
table in the bottom panel of Figure  2B) with the Bonferroni 
correction showed that all pairs but the 2–4 pair of the speed 
ratio showed significant differences.

The effect of speed on the heaviness sensation was still 
observed even when the size change cue was eliminated from 
the comparison stimuli. The results indicate that manipulating 
the speed of the visual feedback is sufficient to give the heaviness 
sensation to users for gesture-based touchless system.

One notable difference between Experiment 1 and this 
experiment was that in Experiment 1, there was a significant 

difference for the 2–4 pair of the speed ratio while in this 
experiment, no difference was observed for the pair. When 
the speed ratio exceeded 1, the rating scores were basically 
below 3. That is, the comparison stimulus was reported to 
be  lighter than the standard stimulus. The results with no 
difference for the 2–4 pair of the speed ratio in this experiment 
indicate that it was more difficult to give the subjective difference 
in the lightness sensation in this range of the speed ratio by 
using only the speed cue rather than by using both speed 
and size. In other words, in order to precisely control the 

A B

C D

FIGURE 2 | Experimental results. Each graph in the top panel plots the 
rating scores for heaviness sensation as a function of speed ratio in 
(A) Experiment 1 (N = 11), (B) Experiment 2 (N = 11), (C) Experiment 3 
(N = 11), and (D) Experiment 4 (N = 10). Each table in the bottom panel 
indicates the significance level for the multiple comparison based on the 
significant main effect.

TABLE 1 | ANOVA Table for the results of Experiments 1–4.

Factor df df.res F-ratio p-value ηP
2

Experiment 1: Speed ratio 4 40 130.86 <0.0001 0.4816
Experiment 2: Speed ratio 4 40 65.291 <0.0001 0.4644
Experiment 3: Speed ratio 4 40 97.293 <0.0001 0.4755
Experiment 4: Speed ratio 4 36 96.568 <0.0001 0.4777
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subjective lightness of visual objects in the gesture-based touchless 
system, it might be  better to adjust not only the speed but 
also the size of the visual object.

Experiment 3
In the previous experiments, the motion direction in the stimuli 
was always consistent with the direction of the participant’s 
action. That is, when the participants made a gesture to grasp 
and raise/lower the object on the display, the object expanded/
contracted (Experiment 1) or the phase of the grating shifted 
outward/inward (Experiment 2). On the other hand, if the 
speed of visual feedback was critical to the manipulation of 
the heaviness sensation, it was expected that the relationship 
of the direction between visual motion and participant’s action 
would not be  critical to the determination of the heaviness 
sensation. To verify the expectation, we changed the comparison 
stimuli so that the participant’s gesture of raising/lowering the 
concentric image caused an inward/outward phase shift of the 
grating (see Supplementary Video 3) as opposed to the outward/
inward phase shift used in Experiment 2.

Figure 2C plots individual mean scores for heaviness sensation 
as a function of the speed ratio. After the ART, we  conducted 
a one-way repeated measures ANOVA with speed ratio as a 
within-subject factor. As shown in Table  1, the main effect 
was significant. Multiple comparison tests (see the table in 
the bottom panel of Figure 2C) with the Bonferroni correction 
showed that all pairs but the 2–4 pair of the speed ratio 
showed significant differences.

The pattern of results was similar to the one of Experiment 
2. Again, the speed ratio was a strong determinant of the 
heaviness sensation. Moreover, similar to Experiment 2, no 
difference in the 2–4 pair was observed. The results indicate 
that the consistency of the motion direction between visual 
feedback and participant’s gesture is not a critical condition 
in causing the heaviness sensation. The speed of visual feedback 
is effective for the heaviness sensation even when the motion 
direction between visual feedback and participant’s gesture 
is reversed.

Experiment 4
Although the motion direction in the grating was inconsistent 
with the direction of participant’s gestures in Experiment 3, 
the inward motion of the gratings might cause the visual 
impression of depth change along the axis that was shared 
with the participant’s gesture, and this shared axis of motion 
might facilitate perceptual binding between the inward phase 
motion and participant’s raising/lowering gesture. In this 
experiment, instead of the concentric grating, we used a vertical 
grating in which the phase of the grating shifted horizontally 
in accordance with the participant’s raising/lowering gesture 
(see Supplementary Video 4; Figure  1D). It was expected 
that the speed ratio would systematically determine the heaviness 
sensation even when the participants made a gesture of raising/
lowering the vertical grating if a shared motion axis between 
participant’s gesture and visual objects was not a critical  
condition.

Figure 2D plots individual mean scores for heaviness sensation 
as a function of the speed ratio. After the ART, we  conducted 
a one-way repeated measures ANOVA with speed ratio as a 
within-subject factor. As shown in Table  1, the main effect 
was significant. Multiple comparison tests (see the table in 
the bottom panel of Figure 2D) with the Bonferroni correction 
showed that all pairs but the 2–4 pair of the speed ratio 
showed significant differences.

Consistent with the previous experiments, the speed ratio 
affected the pattern of the heaviness sensation. The results indicate 
that the manipulation of the visual object speed is still effective 
in giving the heaviness sensation to users who manipulate visual 
objects via gesture-based touchless inputs even when the motion 
axis is not shared between participant’s gesture and visual objects.

In this experiment, nine out of 10 participants reported mean 
ratings scores equal to, or greater than, three when the speed 
ratio was 1.0. The results can be  ascribed to the difference in 
perceived speed between contraction (or expansion) and 
translational (that is, one-dimensional horizontal) motion. A 
previous study showed that the contraction and expansion motion 
was perceived to be faster than rotational and translational motion 
(Geesaman and Qian, 1998). In this experiment of the present 
study, the task of the participants was to compare the heaviness 
sensation between the standard stimulus (expanding/contracting 
disks) and the comparison stimulus (vertical gratings with 
translational motion). In this scenario, the comparison stimulus 
would have been perceived to be  slower than the standard 
stimulus, and this might lead to the heavier sensation for the 
comparison than the standard stimulus. This interpretation is 
also consistent with the idea that visual object speed is a determinant 
of the heaviness sensation in gesture-based touchless systems.

Moreover, a difference in the qualitative appearance of grating 
motion possibly caused a difference in the results of the 
experiments. In the stimuli of Experiments 1–3, the phase 
shift in the concentric grating likely produced the perception 
of motion-in-depth. On the other hand, the phase shift in the 
vertical grating produced only horizontal motion without 
apparent depth change. The difference in the qualitative 
appearance of motion, in terms of whether stimuli caused the 
perception of motion-in-depth, might cause the difference of 
results between a set of Experiments 1–3 and Experiment 4.

EXPERIMENT 5

Participants
A total of 128 people (64 female and 64 male) with the mean 
age of 40.19 (SD: 11.13) participated in this experiment. We did 
not ask the participants’ handedness. We determined the sample 
size by using MorePower 6.0 (Campbell and Thompson, 2012), 
with the expectation that our statistical analysis (i.e., a two-way 
repeated measures of ANOVA with two × five design) involves 
the power of 0.8 and middle-level effect sizes (η2 = 0.06). The 
participants were not informed about the specific purpose of 
the experiment. An online survey company recruited the 
participant online. The participants were paid for their 
participation. Ethical approval for this study was obtained from 
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the ethics committee at Nippon Telegraph and Telephone 
Corporation (Approval number: R02-009 by NTT Communication 
Science Laboratories Ethics Committee). The experiments were 
conducted according to the principles that have their origin 
in the Helsinki Declaration. Written informed consent was 
obtained from all observers in this study.

Apparatus
The participants performed the task of the experiment by using 
their own personal computers (Figure  3A; Supplementary  
Video 5). Figure  3B shows the distribution of the horizontal 
and vertical pixel resolutions of the computer monitor that 
the participants used to perform the task. As described in the 
Procedure section, we  tried to specify the relationship between 
the length of pixels on the monitor and physical length (i.e., 
cm) by using the method the previous study (Li et  al., 2020) 
introduced. We  observed that the pixel length for 1 cm length 
was 46.766 (SD: 5.488). To track the participants’ right hand 
position, cameras that were equipped on the computers were 
used. Mean sampling frequency of the hand tracking by the 
cameras was 29.76 Hz (SD: 12.27).

Stimuli
The stimuli again consisted of a concentric grating (see 
Figure 3A), the phase of which was shifted based on the lateral 
position of the participant’s hand (see Figure 3C). The concentric 
grating was presented within a 1.5 cm square area. The spatial 
frequency of the grating was 1.33 cycles/cm. The luminance 
contrast of the grating was 0.5. The center of the grating was 
located 7 cm to the left of the horizontal center of the monitor. 
In addition, an arrow was displayed on the right side of the 
monitor. The participant moved their right hand within the 
spatial extent that this arrow indicated. The length of the arrow 
was 9 cm. The left side of the arrow was positioned at the 
horizontal center of the monitor. The color of the arrow was 
initially white [RGB value (192,192,192)]. While the system 
detected the participant’s right hand, the color was changed 
to green [RGB value (255,192,192)]. Stimuli had parameters 
that were controlled by the following two factors. The first 
factor was frame rate per 1 cm hand movement. Precisely, the 
frame rate was controlled in the following five levels (1.67. 
3.33, 6.67, 13.33, and 26.67 frames per 1 cm hand movement). 
The second factor was the phase shift pattern. There were two 
conditions for the phase shift patterns. As shown in Figure 3B, 
in a smooth phase shift condition, the phase of the grating 
was smoothly shifted while in a random phase shift condition, 
the phase of the grating was shifted in a random fashion. 
More specifically, in the smooth phase shift condition, the phase 
of the grating increased with the hand position while in the 
random phase shift condition, the phase of the grating did 
not systematically increase with the hand position.

Procedure
As described in the Apparatus section, because we  used the 
participant’s computer and monitor as apparatuses, the size of 

the monitor was unknown. Even under such situations, 
we  wanted to control the spatial dimension of stimuli and 
hence needed to know the relationship between the length of 
pixels on the monitor and physical length (i.e., cm). To know 
this, at the initiation of a session, based on Li et  al. (2020), 
our experimental program asked the participants to match the 
size of a rectangle to the size of a credit card (or other types 
of a card with the identical spatial dimension to the credit 
card) which the participants possessed. Based on the reported 
size of the rectangle, we  proportionally controlled the size of 
stimuli presented in the actual trial so that the stimuli had 
the spatial dimension that we  expected. Following instruction 
sentences presented on the monitor, the participants set their 
right hand at a distance of approximately 30 cm from a camera. 
After detecting the participants’ right hand, the program showed 
instruction sentences asking the participants to laterally move 
their right hand in front of the arrow (9 cm in horizontal 
length) presented in the right upper on the monitor. As shown 
in Figure  3C, the phase of the concentric grating, which 
appeared in the left upper on the monitor, was shifted on the 
basis of the lateral position of the right hand. We  recorded 
the center of the palm in the camera image as the position 
of the right hand. The participant’s task was to give a rating 
for the heaviness of the stimuli with a five-point scale (1: 
very light, 2: moderately light, 3: equivocal, 4: moderately heavy, 
and 5: very heavy). They reported their rating scores by clicking 
a button on the monitor or by pressing assigned keys on the 
keyboard after the participants moved their hand 50% length 
(i.e., 4.5 cm) of the arrow. Each participant performed 10 trials 
consisting of two types of phase conditions (smooth or random) 
and five frame rate conditions (1.67. 3.33, 6.67, 13.33, and 
26.6 frames per 1 cm hand movement). The trials were tested 
with a random order in a single session. Before the formal 
session, the participants performed a practice session consisting 
of four trials of two levels of frame rates (the highest and 
lowest frame rates) × two phase shift patterns (smooth and 
random phase shifts).

Results
Although the data in the previous experiments supported the 
idea that the speed of motion in visual feedback determined 
the heaviness sensation, there was a concern that the participants 
in the experiments rated the heaviness sensation without actually 
feeling “heaviness” on the basis of motion speed because motion 
speed was a sole parameter that was varied in the experiments. 
That is, the participants might report the heaviness sensation 
as task demands.

To address the concern, we  conducted an additional 
experiment wherein other parameter than the speed of motion 
in visual feedback was also controlled. Specifically, we controlled 
frame rate, which can be  taken as the speed of visual change. 
For example, in the high and low frame rate conditions, the 
image of concentric grating was quickly and slowly switched 
in accordance with the participant’s hand movement, respectively 
(Figure  3C). At the same time, we  manipulated phase shift 
patterns as the following two conditions. In the “smooth” phase 
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shift condition, the phase of the grating was shifted smoothly 
as the participant’s hand position changed. On the other hand, 
in the “random” phase shift condition, the phase of the grating 
was shifted by a randomly-determined amount. Here, we focused 
on differences in the speed of motion between the two types 
of the phase shift conditions. As shown in Figure  3C, in the 
smooth phase shift condition, the speed of motion in the 
grating decreases as the frame rate decreases while in the 
random phase shift condition, mean motion speed (the mean 
absolute speed of motion speed, precisely) is constantly 0.5π 
in all frame rate condition because the magnitude of phase 
shift in the random phase shift condition was determined on 
the basis of uniform distribution ranging from 0 to 2π (Here 
please note that the phase shift with the magnitude larger 
than π causes motion direction opposite to the phase shift 
with the magnitude smaller than π.) We  expected that the 
heaviness rating scores would vary with the frame rate in the 
smooth phase shift condition, but not in the random phase 
shift condition, if the participants used motion speed to determine 
the heaviness. For the null hypothesis, the heaviness rating 
scores would not vary with the frame rate in both conditions 

if the dependence of the heaviness rating scores on the speed 
of motion in visual feedback was due to demanded characteristics.

Figure  3D shows the heaviness rating scores for each of 
the phase shift conditions as a function of the frame rate. By 
using the rating scores with the ART, we  conducted a two-way 
repeated measures ANOVA with the phase shift patterns and 
frame rate as within-participant factors. The results of the 
ART-ANOVA are shown in Table  2. The main effect of the 
phase shift pattern was significant. The main effect of the frame 
rate was also significant. As shown in Supplementary Data 1, 
multiple comparison tests (Bonferroni procedure) showed that 
all pairs of the frame rate were significantly deviated from 
each other. Interaction between the two factors was also significant. 
The results of the simple main effect analysis and further post 
hoc tests are shown in Supplementary Data 1. In brief, under 
the smooth phase shift condition, significant differences were 
found in all pairs of frame rates (p < 0.05) except the 0.25–0.5 
pair (p > 0.05). On the other hand, in the random phase shift 
condition, significant differences were found between 0.25 and 
higher frame rates, and between 0.25 and 1 (p < 0.05). Effect 
sizes for the simple main effect of the frame rate were larger 

A B

C D

FIGURE 3 | Setup, parameters, and results of Experiment 5. (A) A snapshot of the experimental scene of Experiment 5. (B) Distribution of horizontal and vertical 
pixel resolutions of the computer monitors used by the experimental participants to perform the task. The color of the hexagons indicates the number of monitors 
with the corresponding horizontal and vertical pixel resolutions. (C) Variation of the phase of grating with hand position for the smooth and random phase shift 
conditions. (D) Heaviness rating scores for each of the phase shift conditions as a function of the frame rate. Error stripes indicate 95% CI.
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in the smooth (ηP
2 = 0.2847) than the random (ηP

2 = 0.1083) 
phase shift conditions.

The rating scores in the smooth phase shift condition were 
significantly higher than the scores in the random phase shift 
condition. The results could be  explained in terms of the 
absolute speed of motion in visual feedback. In the smooth 
phase shift condition, the speed of motion in the grating ranged 
between 0.05π and 0.88π/1 cm hand movement. On the other 
hand, in the random phase shift condition, the theoretical 
absolute mean speed of motion in the grating was constantly 
0.5π. Thus, the results are consistent with the expectation that 
the heaviness rating scores in the smooth phase shift condition 
will generally be higher than in the random phase shift condition 
because the mean speed of motion is lower in the smooth 
than the random phase shift condition.

We did not ask the participants to gesture to grasp visual 
objects in this experiment. Nevertheless, we  observed the 
significant effect of the frame rate (that is, the effect of the 
speed of motion in the smooth phase shift condition) on the 
heaviness rating scores. The results indicate that the gesture 
to grasp visual objects is not necessary to cause the heaviness 
sensation in the touchless input system. The variation of visual 
stimuli with the participant’s hand position plays a vital role 
in determining the heaviness rating scores.

Additionally, we  analyzed how hand position varied with 
the two factors we  checked. As described above, because 
we recorded the participant’s right-hand position in the coordinate 
of the camera image and because the camera’s angle of view 

depended on the device the participants used, it was not 
possible, in principle, to directly compute the hand position 
in the real-world space coordinates. Having said that, within 
each participant’s environment, the participant likely performed 
the task with the identical camera’s angle of view and with 
an almost constant distance between the camera lens and the 
hand. Therefore, we  assumed that we  could compare the hand 
position data among experimental conditions if we standardized 
it for an individual.

The results of the additional experiment showed that the 
heaviness rating scores were dependent on the speed of motion 
in visual feedback even when another visual feature (i.e., the 
frame rate) than the speed of motion was modulated in an 
identical session, indicating that the effect of speed of motion 
on the heaviness sensation is not the product of task demands. 
Although we  expected that the frame rate would not play a 
role in the random phase shift condition, in the results, the 
frame rate affected the heaviness judgments. On the other 
hand, the effect size of the frame rate was larger in the smooth 
than random phase shift conditions. The results indicate that 
the speed of motion is possibly a stronger cue to the heaviness 
sensation than the frame rate.

Based on the idea, we  standardized the hand position for 
each participant to 0–1, wherein 0 and 1 meant the leftmost 
and rightmost hand position in individual data. With the 
normalized data, we individually calculated the leftmost, mean, 
and rightmost hand positions for each condition and plot their 
group mean values in Figures  4A–C. Moreover, we  calculated 
the minimum, mean, and maximum speeds of hand movement 
by dividing the difference in hand position between two samples 
by a temporal interval between the samples and plot their 
group mean values in Figures  4D–F. Similar to the analysis 
with the heaviness rating scores, we conducted the ART-ANOVA 
for these hand-position data with the phase shift pattern and 
the frame rate as within-participant factors and show the results 
of the ART-ANOVA in Table  2. The main effect of the phase 
shift pattern was significant for the leftmost hand position 
and the rightmost hand position. Specifically, the leftmost hand 
position was more biased toward the left in the smooth than 
the random phase shift condition. Moreover, the rightmost 
hand position was more biased toward the right in the smooth 
than the random phase shift condition. The participants moved 
their right hand with the longer trajectory in the smooth than 
the random phase shift conditions. The results indicate that 
phase shift patterns modulate the length of the hand trajectory.

We also checked the relationship between the variation of 
the heaviness rating scores and the variation of the hand 
position/motion with the parameters we  tested. For the rating 
scores, the main effect of the frame rate was significant, while 
for the hand position/motion data, there was no significant 
main effect of the frame rate. The results indicate that the 
variation of the hand position/motion is not related to the 
variation of the heaviness rating scores with the frame rate. 
On the other hand, the main effect of the phase shift pattern 
was significant both for the rating scores and the hand position 
(precisely, the leftmost and rightmost hand positions). The 
results indicate that the length of the hand trajectory is possibly 

TABLE 2 | ANOVA Table for the results of Experiment 5.

Factor df df.res F-ratio p-value ηP
2

<Heaviness rating scores>
Phase shift patterns 1 127 144.013 <0.0001 0.5314
Frame rate 4 508 54.376 <0.0001 0.2998
Interaction 4 508 17.810 <0.0001 0.1229
<Leftmost hand position>
Phase shift patterns 1 127 19.7374 <0.0001 0.1345
Frame rate 4 508 1.7446 =0.1388 0.013
Interaction 4 508 1.5945 =0.1744 0.0124
<Mean hand position>
Phase shift patterns 1 127 0.3072 =0.5804 0.0024
Frame rate 4 508 0.1991 =0.9388 0.0016
Interaction 4 508 1.1768 =0.3201 0.0092
<Rightmost hand position>
Phase shift patterns 1 127 19.7085 <0.0001 0.1343
Frame rate 4 508 0.7958 =0.5282 0.0062
Interaction 4 508 1.1544 =0.3302 0.0090
<Minimum speed>
Phase shift patterns 1 127 0.0694 =0.7926 0.0005
Frame rate 4 508 0.3516 =0.8430 0.0028
Interaction 4 508 1.8406 =0.1197 0.0143
<Mean speed>
Phase shift patterns 1 127 0.5995 =0.4402 0.0047
Frame rate 4 508 0.1576 =0.9595 0.0012
Interaction 4 508 0.4115 =0.8004 0.0032
<Max speed>
Phase shift patterns 1 127 2.2330 =0.1376 0.0173
Frame rate 4 508 0.9224 =0.4505 0.0072
Interaction 4 508 0.3468 =0.8463 0.0027
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related to the variation of the rating scores with the phase 
shift patterns.

DISCUSSION

To summarize, the present study showed that the speed of 
visual objects was a critical cue to the heaviness sensation for 
participants who manipulated visual objects on the display 
with gesture-based touchless inputs (Experiment 1). The effect 
of visual object speed on the heaviness sensation was observed 
even when the size change cue was eliminated from the stimuli 
(Experiment 2), when the motion direction of the visual object 
was inconsistent with the one of participant’s gesture (Experiment 
3) and when the motion axis was not shared between participant’s 
gesture and visual objects (Experiment 4). The results indicate 
that the heaviness sensation with gesture-based touchless inputs 
is attuned to motion speeds, irrespective of the presence/absence 
of a size cue and irrespective of the consistencies in motion 
direction and motion axis between the participant’s gesture 
and visual object motion. The speed of motion in visual feedback 
effectively determined the heaviness sensation even when another 
visual feature (i.e., the frame rate) was modulated in a single 
session, which indicates that the effect of the speed pf motion 
on the heaviness sensation unlikely comes from demanded  
characteristics.

The heaviness sensation based on the speed of visual feedback 
is possibly relevant to the heaviness sensation due to the delay 
in visual feedback for an agent’s action. Previous studies (Honda 
et  al., 2013; Takamuku and Gomi, 2015; Osumi et  al., 2018) 
showed that a delay in the visual feedback of an agent’s action 
caused the illusory heaviness of visual objects or an agent’s 
limb. When a delay was inserted in the visual feedback of an 
agent’s action, the average speed of the visual feedback across 
a certain period of time temporally drops. In view of this, 
the effect of delay insertion in the visual feedback on heaviness 
sensations can stem from a similar mechanism for the effect 
of speed in the visual feedback as shown in this study. Importantly, 
we  used the Leap motion (in Experiments 1–4) and a camera 
(Experiment 5) to detect the participant’s hand position. These 
devices, in general, involve processing delay, and thus, there 
were temporal offsets between the participant’s hand movement 
and its visual feedback. Given the reported effect of delay on 
the heaviness sensation in the previous studies, we  suggest 
that the heaviness sensation in our study likely comes from 
the combination of motion speed in visual feedback and the 
effect of processing delay.

It was a notable outcome that the consistency of motion 
direction and motion axis between the participant’s gesture 
and visual object motion was not critical to the heaviness 
sensation. The results indicate that an arbitrary combination 

A B C

D E F

FIGURE 4 | The results of the analysis for the hand position and hand movement speed in normalized hand space. (A) Leftmost hand position, (B) Mean hand 
position, (C) Rightmost hand position, (D) Minimum hand speed, (E) Mean hand speed, and (F) Maximum hand speed. See text for the detail of these analyses.
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of user’s gestures and their temporally synchronized visual 
movements seems to be  a sufficient condition to give users 
the heaviness sensation. By taking this into account, it may 
be possible to give the heaviness sensation to users for touchless 
input systems without using more complex computer graphics. 
That is, it is not always necessary to render the three-dimensional 
object that can move consistently with users’ gesture patterns. 
It may be  possible to provide the heaviness sensation by 
adjusting the motion speed of the visual object through image 
editing, which is computationally more economical than the 
computation of a three-dimensional object and its movement.

Our results suggest the possibility that various impressions 
other than heaviness can be  given to users through the visual 
feedback of gesture-based touchless inputs. A previous study 
(Kawabe, 2020) showed that gesture-based touchless inputs 
could produce the sensation of object stiffness. In the study, 
the participants were asked to make a gesture to pull the 
object on the display both leftward and rightward. Consequently, 
the participants could feel the various levels of object stiffness 
depending on the deformation patterns in the object. Since, 
as shown in the present study, the consistency in direction 
between the participant’s gesture and visual motion feedback 
is not critical in generating the heaviness sensation, there is 
a possibility that the gesture to grasp and raise/lower the visual 
object can generate the stiffness sensation when the gesture 
causes the deformation of visual objects in the display. In this 
way, it may be  possible to give various types of sensations to 
users by appropriately manipulating the visual feedback of 
gesture-based touchless inputs.

One limitation of the present study is that our results are 
based on the relative comparison of the heaviness sensation 
between the standard and comparison stimuli, and thus it is 
unclear how the heaviness sensation is described in an absolute 
sense. Future studies need to address how the heaviness sensation 
caused by speed manipulation is represented, for example, by 
conducting an experiment wherein a participant compares the 
illusory heaviness sensation and the strength of force-feedback 
from external devices. Another limitation is that the heaviness 
sensation was measured only with a rating method. We believe 
that our approach is sufficient for the purpose of the present 
study, which was not to clarify the specific mechanism of the 
heaviness sensation, but to check whether speed manipulation 
could alter the subjective magnitude of the heaviness sensation 
when other cues as described in the Introduction were eliminated 
from the stimuli. Nevertheless, in order to further pursue the 

mechanism underlying the heaviness sensation, it will be helpful 
to use an experimental procedure with a two-alternative forced 
choice method and calculate, for example, the point of subjective 
equality and just noticeable differences to understand the bias 
and sensitivity of the heaviness sensation to the speed ratio.
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