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Softness Perception of Visual Objects Controlled
by Touchless Inputs: The Role of Effective
Distance of Hand Movements
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Abstract—Feedback on the material properties of a visual object is essential in enhancing the users’ perceptual experience of the
object when users control the object with touchless inputs. Focusing on the softness perception of the object, we examined how the
effective distance of hand movements influenced the degree of the object’s softness perceived by users. In the experiments,
participants moved their right hand in front of a camera which tracked their hand position. A textured 2D or 3D object on display
deformed depending on the participant’s hand position. In addition to establishing a ratio of deformation magnitude to the distance of
hand movements, we altered the effective distance of hand movement, within which the hand movement could deform the object.
Participants rated the strength of perceived softness (Experiments 1 and 2) and other perceptual impressions (Experiment 3). A longer
effective distance produced a softer impression of the 2D and 3D objects. The saturation speed of object deformation due to the
effective distance was not a critical determinant. The effective distance also modulated other perceptual impressions than softness.
The role of the effective distance of hand movements on perceptual impressions of objects under touchless control is discussed.

Index Terms—Material perception, Pseudo-haptics, Touchless inputs, Softness

1 INTRODUCTION

ERCEIVING material properties is an essential experi-
Pence in our daily lives. For example, by stretching a
cloth fabric, we can perceptually judge whether the fabric
is soft or hard, whether the fabric feels good or not, and so
on. Similar kinds of interaction between users’ actions and
visual objects likely enhance the perceptual understanding
of material properties in virtual and augmented reality
scenes [1], [2], [3]. By controlling visual objects” motion
direction and speed as visual feedback of user’s actions, it
is possible to give users the impression of various material
properties such as weight/mass [4], [5], [6], [7], [8], [9], stiff-
ness/softness [10], [11], [12], surface roughness [13], [14],
and so forth. To understand what kind of visual presentation
method gives the desired impression of material properties
effectively, it is necessary to closely examine the relation-
ships between users’ actions, the type of visual feedback,
and the impressions of material properties that are obtained.

Recently, the manipulation of visual objects through
touchless inputs has attracted attention [15], [16]. Some
interfaces, for example, cars’ dashboard interfaces [17], [18],
KIOSK [19], and digital signage [20] employ touchless in-
puts. In order to achieve rich interaction between users and
a visual object through touchless inputs, it is necessary to
examine in detail what kind of visual feedback of the inputs
is effective in providing the user with an appropriate im-
pression of the material properties of the object. Some pre-
vious studies [12], [21] have shown that the physics-based
manipulation of visual feedback can enrich the perception of
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three-dimensional carousels [21], object heaviness [22], and
elastic materials [12] controlled by touchless gesture inputs.

One drawback of touchless input systems is that touch-
less gestures do not serve as practical inputs for controlling
the appearance of visual feedback if not properly captured
by sensing devices such as a camera. In such cases, the
visual feedback is not updated, and thus, only static images
are provided to the user. Let us consider the case where
users pull a deformable virtual object laterally and generate
its deformation on the basis of touchless gesture inputs.
When the camera no longer captures the user’s pulling
gestures due to occlusion which is something blocking the
path of view, or the limits of the effective angle of view, the
object stops deforming. It was unclear how this unexpected
cessation of deformation would affect the user’s perception
of the material. While it is possible to employ additional
methods such as electromyography [23], electromagnetic
interfaces [24], air-pressure sensors [25], and Radio Fre-
quency Identification [26] to detect users’ gestures which
are not captured by a camera, this study focuses on the case
where the only method for detecting gestures is the camera.
Cameras as sensing devices are widespread, often attached
to notebook PCs, and their implementation is low-cost. On
the other hand, specialized sensing devices such as those
mentioned above are not yet common and are expensive.
For these reasons, it is worth focusing only on situations
where gestures are detected by a camera.

The purpose of this study was to elucidate whether and
how the cessation of object deformation during touchless
gestures affected the perception of object softness and other
object properties. The cessation of object deformation likely
causes the change of motion speed. It is known that the
change in motion speed can create the impression of friction,
gravity, or viscosity [11], resistance [27], and collision [28],
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[29], [30], [31]. On the other hand, it was still unclear
whether the change in motion speed, which was caused by
the cessation of object deformation, was a factor to modu-
late perceived softness. Thus, in Experiment 1, we explore
whether the perceived softness of the object is altered when
the object stopped deforming at some point with touchless
gestures. Specifically, we manipulate the effective distance
of hand movement within which the virtual object could de-
form in response to hand movement and examined whether
the effective distance of hand movements could modulate
the perceived softness of the object. In Experiment 2, we
examine whether the saturation speed of object deformation
during touchless inputs, which is varied with the effective
distance of hand movements, can modulate the level of the
perceived softness of the object. To further gain insights
into the effect of the cessation of object deformation on
perceptual impression, in Experiment 3, we examine how
the cessation of the object deformation during touchless
inputs can change the perceptual impression of objects
other than softness. Based on the results, we speculate the
mechanism underlying the change in perceptual softness by
the cessation of object deformation during touchless inputs.

In the second section of this article, we describe the
previous literature relevant to the present study. In the third
section, we specify the issue we treat in this study. In the
fourth and fifth sections, we describe the two experiments
we conducted. In the sixth section, we discuss the signifi-
cance, another interpretation, and limitations of the present
study.

2 RELATED STUDIES

2.1 Softness Perception in Vision

Visual perception of material properties is one of the recent
hot topics in vision science [32], [33]. Most studies on the
material properties have focused on optical (or surface)
properties such as texture and glossiness. In addition, users
can perceive mechanical properties of materials [34], and
several previous studies have investigated the mechanism
for the perception of the mechanical properties such as
elasticity [35], [36], [37], viscosity [38], [39], [40], [41], and
fabric stiffness [42], [43], [44].

Above all, the visual perception of softness (or relat-
edly, stiffness) has attracted the attention of scientists. The
most promising cue to the visual softness perception for
a material that is indented by an external body is the
indentation depth [45], [46] or the deformation magnitude
[47]. Specifically, a greater magnitude of indentation depth
generates a larger magnitude of deformation in the image,
producing an impression of greater softness for the indented
material. In addition, the speed of indentation plays an
effective cue in the perception of the softness of material.
A faster indentation generates a faster deformation in the
image, which produces the impression of a greater softness
of the material [35], [47]. However, analyzing image motion
in stimulus video clips, the previous study [47] reported
that deformation magnitudes were stronger cues to the
perception of the softness of a material than the deformation
speed.
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2.2 Softness Perception of Objects Deformed under
User’s Manual Control

The perception of the softness of an elastic object has
been examined in a situation wherein users controlled the
appearance of the object displayed on a monitor by ma-
nipulating real objects and/or input devices. A previous
study [48] has shown that the judgment of the stiffness of
real spring devices could be significantly influenced by the
visual feedback of the spring. Another previous study [11]
has found that users could discriminate stiffness between a
real spring that was controlled in the real world and a visual
spring that was controlled by using an isometric device.
Similarly, a recent study [49] also showed that when users
controlled the deformation of a rectangle on a smartphone
monitor by applying force to the side of the smartphone,
the rectangle’s deformation could generate the impression
of stiffness of the rectangle which was comparable with the
stiffness of the real object. In a video see-through system, a
previous study [50] showed that the perceptual judgment of
an object’s softness was strongly altered by the combination
of the appearance of users’ pinching gestures as well as the
one of a real elastic object. Although the previous study
was related to the judgment of object softness in augmented
reality, a more recent study [51] has reported that a visual
object under the user’s manual control was judged to be
softer in augmented reality than in virtual reality settings.

2.3 Softness/stiffness Perception of Objects in Touch-
less Controls

It has also been examined how the user’s touchless gesture
to control a visual object could contribute to the generation
of the stiffness sensation of the object. There are several
previous studies proposing an AR system that gives users a
pseudo-softness of an object [12], [52] and a pseudo-contact
to an object [53] while the user makes a gesture of control-
ling the object with a bare hand. Hereinafter, we describe
one of the previous studies in detail. The previous study
[12] instructed experimental participants to make a gesture
to pull a visual object displayed on the monitor laterally. A
camera-based hand tracker was used to track the position
of the participant’s hands. The magnitude of deformation
applied to the visual object was changed in accordance
with the tracked position of the hands. The participants
were asked to report the stiffness of the object on a 5-point
scale. The results of that study showed that the reported
stiffness was dependent on the magnitude of horizontal
deformation of the visual object in relation to the distance
of hand movements. Specifically, the stiffness increased in
accordance with the ratio of the deformation to the distance
of the hand movements. The previous study also found that
not only the horizontal deformation but also the vertical
one also contributed significantly to the stiffness perception,
consistent with the idea that the sensory system in users
internalizes the physical characteristics called the Poisson
effect [54], [55] and uses the internalized representation of
the Poisson effect to judge the stiffness of the visual object.
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2.4 Contribution of The Present Study to Softness Per-
ception Research

Although the previous studies have clarified the visual
parameters to determine perceived softness, it is still unclear
how the change in object motion speed, which is likely
caused by the cease of object deformation during touchless
inputs, can influence softness perception. Examining the
effect of the change in object motion speed on the softness
perception will help us to understand the mechanism of
softness perception better and to determine the parameters
when implementing soft objects in touchless inputs.

3 RESEARCH ISSUE IN THE PRESENT STUDY

Figure 1 shows a schematic description of the relationships
between the angle of the camera view, a user’s right hand
position, and an occluder, that is something that blocks the
camera view. In the angle of camera view (Figure 1 (a)), a
camera captures images of a user’s right hand (Figure 1 (b)),
and based on the images, a computer calculates the position
of the hand as being at certain coordinates and modifies the
appearance of visual objects as feedback. The user’s right
hand, when outside the angle of the camera view, will not be
captured (Figure 1 (c)). In addition, as shown in Figure 1 (d),
if another object occludes the hand, the images of the user’s
hand will not be captured by the camera. When the image
of the user’s hand is not captured, the position of the user’s
hand is not updated. Consequently, the modification of the
appearance of the visual object ceases. It was unclear how
users perceived the material properties of the object when
the modification of the object’s appearance ceased during
the manipulation by touchless input.

I

< Angle of camera view

Fig. 1. Graphical explanations of the relationships between the angle of
camera view, the position of a user’s right hand, and an occluder. Panel
(a) shows the angle of the camera view. Panel (b) shows the situation
wherein the user’s right hand falls into the angle of the camera view.
Panel (c) shows the situation wherein the hand is outside of the angle of
the camera view. Panel (d) shows the situation in which the hand is not
captured by the camera due to the existence of an occluder even though
the hand falls within the angle of camera view.

4 EXPERIMENT 1: THE ROLE OF EFFECTIVE Dis-
TANCE OF HAND MOVEMENT
4.1 Purpose

The purpose of this experiment was to explore whether the
cessation of visual object deformation during the manipu-
lation of the object influenced the participant’s judgment
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Fig. 2. Variation of deformation magnitudes with the effective distance
of hand movements of (a) 5.4, (b) 7.2, and (c) 9.0 cm. Different lines
indicate the deformation magnitudes for different C/D ratio conditions.

of the object’s softness. The participants moved their right
hand in front of a camera which was used to track the
hand’s position, while watching a visual object on the
monitor. We manipulated the effective distance of hand
movements within which the hand movement caused the
object deformation (Figure 2). When the effective distance
of hand movements was shorter, the deformation ceased
earlier on the path of the hand movement. In other words,
the longer the effective distance of hand movements, the
larger the magnitude of the object deformation. It was pre-
dicted that the rating scores of the softness would increase
with the effective distance of hand movement because the
larger magnitude of the object deformation likely triggered
a stronger softness impression of the object. We also tested
the effect of the ratio of the distance of hand movement
to the object deformation magnitude. Hereinafter, we call
the ratio the C(Control)/D(Display) ratio after the previous
studies [56]. Although the definition of the C/D ratio varies
depending on studies [3], in the present study, the larger the
C/D ratio caused the larger deformation with the smaller
hand movements. It was expected that the larger the C/D
ratio, the greater the rating scores for the object’s softness.
We also checked the interaction between the effective dis-
tance of hand movements and the C/D ratio.

4.2 Method
4.2.1 Participants

Eighty-four (42 female and 42 male) people participated in
this experiment. The participants” mean age was 40.38 (SD:
12.11). The participants’ ages ranged from 20 to 59, and the
numbers of participants in the 20’s, 30’s, 40’s, and 50’s age
generations were 21, 20, 21, and 22, respectively. We did
not ask about the handedness of the participants. All of the
participants were unaware of the specific purpose of the
experiment. The participants in this study were recruited by
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a Japanese online survey company and paid for their partic-
ipation. Ethical approval for this study was obtained from
the ethics committee at Nippon Telegraph and Telephone
Corporation (Approval number: R02-009 by NTT Commu-
nication Science Laboratories Ethics Committee). The exper-
iments were conducted according to principles originating
in the 2008 Helsinki Declaration. Written informed consent
was obtained from all participants in this study.

4.2.2 Apparatus

This experiment was conducted online. Stimuli were pre-
sented on the monitor of the personal computer that the
participants normally used. The position of the participant’s
hand was tracked by using the web camera which was
available in the participant’s environment. The position
of the participant’s hand was calculated using the coor-
dinates of the camera image by using (handsfree.js https:
/ /handsfreejs.netlify.app/). The measured mean sampling
rate of the hand tracking was 30.747 Hz (SD: 13.223 Hz).

4.2.3 Stimuli

Stimuli, consisting of a horizontal arrow and a two-
dimensional rectangle against a black background, were
presented in the upper part of the monitor (see Figure 3).
The arrow indicated the range within which the participants
were required to move their right hand. In front of the arrow,
the participants moved their hand from left to right or right
to left. The horizontal length of the arrow was 9 cm (the
corresponding pixel distance varied with the participant’s
environment). The left side of the arrow was located at the
horizontal center of the monitor and at 256 pixels above the
vertical center of the monitor. While the system detected
the participant’s hand in front of the arrow, the arrow’s
color was green. Otherwise, its color was gray. By the color
change, we encouraged the participant to set and move
their hand position in front of the arrow. The color change
unlikely influenced the results of the experiment. The center
of the rectangle was located 384 pixels to the left and 256
pixels above the center of the monitor. The rectangle initially
subtended 128 (height) x 128 (width) pixels. The rectangle
had gray-scale two-dimensional 16 x 16 random noise as
texture. The noise intensity ranged from 0 to 255 in the RGB
values. The rectangle with the texture was horizontally de-
formed in accordance with the participant’s hand position.
In an incompressible material, when an elastic material is
stretched horizontally, it is naturally compressed vertically,
wherein the magnitude of vertical deformation is smaller
than that of horizontal deformation. The ratio of the vertical
to horizontal deformations is called the Poisson’s ratio [57].
Based on the physical characteristics of the deformation of
an elastic material, vertical deformation was added to the
rectangle so that the deformation had Poisson’s ratio of 0.25.
We chose the value (0.25) of the Poisson’s ratio because the
value fell in the range of the Poisson’s ratio supporting
the natural impression of the Poisson effect in human ob-
servers [54]. Moreover, we used the two-dimensional rather
than the three-dimensional stimuli because the previous
studies [54], [55] have mainly used the two-dimensional
stimuli to assess the perception of object deformation with
the Poisson effect. We experimentally tested the following
two factors. The first factor was a C/D ratio controlled
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in the following four levels (0.25, 0.5, 0.75, and 1). The
second factor was an effective distance of hand movements
defined as the spatial distance between the left terminator
of the arrow and the hand position. The effective distance
of hand movements was controlled in the following three
levels (5.4, 7.2, and 9 cm). When the distance exceeded
9 cm, the deformation ceased. Moreover, the deformation
was also stopped when the camera temporally lost the
participant’s hand. We chose the maximum value (9 cm)
of the effective distance for the following reason. We as-
sumed an ideal situation whereby the participant’s hand
was always separated by 30 cm from the camera with a
60 deg angle of view. In this case, approximately 9 cm was
the maximum hand movement distance the camera could
capture. Considering that the angle of view in the usual
Laptop PC was expected to be more than, or equal to, 60
deg, it was reasonable to use 9 cm as a maximum value of
the effective distance. 5.4 and 7.2 cm were arbitrarily chosen
as the 60 and 80 % of the maximum value (9 cm). For each
trial, the maximum deformation magnitude of the rectangle
was determined depending on the C/D ratio and effective
distance of hand movement as shown in Table 1. Figure 2
shows how the magnitude of object deformation changes
with the two factors. As shown in Figure 4, the appearance
of the rectangle drastically changed with the magnitude of
object deformation applied to it.

TABLE 1
Maximum magnitude of object deformation which varies depending on
C/D ratio and effective distance of hand movements.

C/Dratio  Effective distance of Maximum magnitude of
hand movements (cm)  object deformation (pixels)

0.25 54 36

0.25 72 48

0.25 9.0 60

0.50 54 72

0.50 7.2 96

0.50 9.0 120

0.75 54 108

0.75 7.2 144

0.75 9.0 180

1.00 54 144

1.00 7.2 192

1.00 9.0 240

m
Buttons for [[ s e ===
response

Fig. 3. A snapshot of a representative experimental setup.
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Fig. 4. The change in the appearance of object deformation with different
levels of deformation magnitude. The object deforms in both the vertical
and horizontal dimensions.

4.2.4 Procedure

Based on the previous study [58], before starting an ex-
perimental session, the participant was asked to adjust
the size of a rectangle presented on the monitor so that
the rectangle had an identical size to a credit card (or a
card of equal size) which the participant possessed. This
matching was essential to determine the real scale (i.e., in
cm) which depends on the pixel size of the monitor the
participant was using for the experiment. After determining
the real scale for the pixel size, we set the length of the
arrow at 9 cm. The length setting was important because
we wanted to control the travel distance of the participant’s
hand movement in the main tasks by the length of the arrow.
Then, the participants were asked to move their right hand
in front of the arrow. After the system successfully detected
that the participants moved their hand in front of the arrow,
the participant moved to the practice and main trials in this
order. In each trial, the participants were instructed to place
their right hand approximately 30 cm from the camera and
move their hand in front of the arrow while maintaining the
30 cm distance from the camera (see Supplementary Video
1 for experimental scenes). Preliminary examinations with
several cameras confirmed that moving the hand laterally
for 9 cm at 30 cm from the camera (having approximately
a 60 deg angle of camera view) produced camera images in
which the hand was moved by roughly 1/4 of the width
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of the camera image. When the participants moved their
hand by more than a critical value (approximately 1/4 of the
width of the camera image, that is, 9 cm from the horizontal
center of the monitor) from the left terminator of the arrow,
the five buttons for the input of rating scores appeared. The
buttons included the following pairs of a digit and a short
description of softness impressions: “1: Very stiff”, “2: Mod-
erately stiff”, “3: Neither stiff nor soft, “4: Moderately soft”,
and “5: Very soft”. The participants reported the softness
judgment of the rectangle by clicking one of the buttons.
Alternatively, they were also allowed to report the softness
judgment by pressing number keys that corresponded to
the digit of the button including the softness description
which represented their softness judgment. The practice
trials consisted of two trials: the first one had a C/D ratio
of 1.0 and an effective distance of hand movements of 0.25
and the second one had a C/D ratio of 1.0 and an effective
distance of hand movements of 1. The main trials consisted
of twelve trials with the four different C/D ratios (0.25, 0.5,
0.75, and 1.0) and three conditions of the effective distance
of hand movements (0.6, 0.8, and 1). The order of the twelve
trials was randomized within and across the participants.

4.2.5 Results

Figure 5 shows mean rating scores for the object softness as a
function of the effective distance of hand movement for each
C/D ratio condition. We reviewed the time it took partici-
pants to complete the task and found that they completed it
within a reasonable amount of time (median: 0.858 minutes,
95% confidence intervals: [0.38, 2.12]). Only one participant
took a relatively long time (6.78 minutes) to complete the
task. We checked the data for that participant but found
nothing suspicious. Since there was no reason to exclude
this participant’s data, we used all participants’ data for
further analysis. First, we checked whether the frame rate of
stimulus presentation influenced the softness rating scores.
Specifically, we calculated Spearman’s correlation between
the rating scores of object softness and frame rates (that
is, sampling rates). We found that there was no significant
correlation between them (rs = 0.037, p = 0.236). Second, we
analyzed how the factors we tested influenced the softness
rating scores. The rating scores are not parametric data.
Hence, we conducted the aligned rank transform [59] of
the rating scores and then a two-way repeated measures of
analysis of variance (ANOVA) with the C/D ratio and the
effective distance of hand movements as within-participant
factors. The results of the ANOVA are shown in Table 2. The
main effect of the C/D ratio was significant. The main effect
of the effective distance was also significant. Interaction of
the two factors was also significant.

TABLE 2
ANOVA table for the rating data in Experiment 1.

Factors df(dfres) Fvalue Pr(>F) 3

C/D ratio 3(249) 147729  <.0001  0.640
Effective distance  2(166) 20.360 <.0001 0.197
Interaction 6(498) 3.952 =.0007 0.045

As shown in Table 3, multiple comparison tests (with
ART-C proposed by a previous study [60]) showed that each
level of the C/D ratio was significantly different from all
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Fig. 5. Ratings scores for object softness in Experiment 1 (N = 84). Error
stripes denote 95 % confidence intervals.

TABLE 3
Results of multiple comparison tests for function type in Experiment 1.

contrast estimate  df t.ratio p.value
0.25-0.5 -184.4 249  -8.548 <.0001
025-0.75 -335.6 249  -15556  <.0001
0.25-1 -422.7 249  -19.594 <.0001
0.5-0.75 -151.2 249  -7.007 <.0001
05-1 -238.3 249  -11.046 <.0001
0.75-1 -87.1 249  -4.038 =0.0004

other levels of the C/D ratio. The results support the results
in the previous study [12] showing that the C/D ratio was a
critical parameter in determining the stiffness of the visual
object under user’s touchless control.

Table 4 shows the results of the multiple comparison
tests for the effective distance of hand movements. The
rating scores were significantly different between 5.4 and
7.2 cm, and 5.4 and 9.0 cm, of the effective distance. The
difference of the rating scores between 7.2 and 9.0 cm of the
effective distance was marginally significant.

We also assessed the simple effect of the significant
interaction. The simple effect of the C/D ratio (Table 7) was
significant for all effective distance conditions. The multiple
comparison tests of the simple effect (Table 8) showed that
the rating score in a certain C/D condition was significantly
different from other conditions except a pair of the 0.75 and
1.0 C/D ratios for the 7.2 cm effective distance condition.
The simple effect of the effective distance (Table 5) was
also significant when the C/D ratio was more than 0.25.
The multiple comparison tests of the simple effect (Table 6)
showed that when the C/D ratio was 0.5 or more, the
rating scores in the 5.4 cm effective distance condition were
significantly lower than those in the 9.0 cm effective distance
condition. Moreover, when the C/D ratio was 0.75 or more,
the rating scores in the 5.4 cm effective distance condition
were significantly lower than those in the 7.2 and 9.0 cm
effective distance condition.
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TABLE 4
Results of multiple comparison tests for the effective distance of hand
movement in Experiment 1.

contrast estimate  df tratio p.value
54-72 -69.8 166 -3.962 =0.0003
54-9.0 -111.3 166 -6.313  <.0001
72-90 -414 166 -2.351 =0.0597
TABLE 5
Simple effect of effective distance in Experiment 1.
C/Dratio df(dfres) Fvalue Pr(>F) 17%
0.25 2(166) 0.3531 =0.703  0.004
0.50 2(166) 3.148 0.046 0.037
0.75 2(166) 9.493 0.0001  0.103
1.00 2(166) 11.876 <0.001 0.125

4.2.6 Discussion

The effective distance of the participant’s hand affected
the softness perception of an object under the participant’s
touchless control. In other words, an earlier cessation of
object deformation gave the impression of a less soft object.
This finding suggests the necessity of taking the cessation of
object deformation into account in giving users the intended
softness impression of the object under the user’s touchless
control.

5 EXPERIMENT 2: THE ROLE OF SATURATION
SPEED OF OBJECT DEFORMATION
5.1 Purpose

The purpose of the experiment was to confirm whether
the saturation speed of object deformation during touchless
inputs was the source of the decrease in the softness rating
scores. In Experiment 1, when the effective distance was
applied to the hand movement, the deformation ceased; that
is, the magnitude of object deformation was discontinuously
saturated at the middle of the hand trajectory (see Figure 2).
Moreover, depending on the level of the effective distance of
hand movements, the saturation speed changed. A smaller
effective distance caused earlier saturation of object defor-
mation. Hence, there was a possibility that the source of the
effect of the effective distance on the softness rating scores
was the saturation of object deformation during touchless
inputs. In Experiment 2, we systematically manipulated the
temporal pattern of object deformation so that the pattern
had a saturation function in several degrees (see Figure 6)
while the overall magnitude of object deformation was kept
constant. Moreover, we also explored how the growth (not
the saturation) of object deformation could infleunce the
softness perception. We again instructed the participants to
rate the object’s softness.

5.1.1 Participants

82 (41 female and 41 male) people, who had not participated
in the previous experiment, participated. Their mean age
was 39.63 (SD: 11.40). The participants” ages ranged from 20
to 59, and the numbers of participants in the 20’s, 30’s, 40’s,
and 50’s age generations were 20, 20, 20, and 22, respectively
All of the participants were unaware of the specific purpose
of the experiment.
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TABLE 6
Multiple comparisons for the simple effect of effective distance in
Experiment 1.

contrast estimate  df tratio p.value

0.5 C/D ratio

5.4cm - 7.2cm -9.36 166 -1.058 =0.875

5.4cm - 9.0cm -22.12 166 -2.500 =0.040

7.2cm - 9.0cm -12.76 166 -1.441 =0.454

0.75 C/D ratio

5.4cm - 7.2cm -23.1 166 -2.662 =0.026

5.4cm - 9.0cm -37.5 166 -4.319 =0.001

7.2cm - 9.0cm -14.4 166 -1.657 =0.299

1.00 C/D ratio

5.4cm - 7.2cm -26 166 -3.259 =0.004

5.4cm - 9.0cm -38 166 -4.768  <0.0001

7.2cm - 9.0cm -12 166 -1.508 =0.400

TABLE 7
Simple effect of the C/D ratio in Experiment 1.

Effective distance  df(dfres) Fvalue Pr(>F) 77;%
5.4cm 3(249) 61.687 <0.0001 0.426
7.2cm 3(249) 74.169 <0.0001 0472
9.0cm 3(249) 99.486 <0.0001  0.545

5.1.2 Apparatus

The apparatus for this experiment was identical to that used
in the previous experiment. The mean sampling rate of the
hand tracking in this experiment was 29.946 Hz (SD: 13.169
Hz).

5.1.3 Stimuli

The stimuli were identical to those used in Experiment 1
except for the following points. The effective distance of
hand movement was kept constant at 9.0 cm. The C/D
ratio was controlled in the following three levels: 0.25,
0.5, and 1.0. At each C/D ratio level, we manipulated the
type of functions in the following five levels: Type 1: Early
saturation, Type 2: Late saturation, Type 3: Linear, Type 4:
Early growth, and Type 5: Late growth (Figure 6).

To generate stimuli having the saturation/growth of
object deformation, we used an exponential function D
defined by using the following formula,

D = exp(—s x h).

For the functions of Type 1 and Type 5, s was set at 0.1. For
the functions of Type 2 and Type 4, s was set at 0.05. h was
the distance of hand movements.

Then, we normalized the D into D,, ., so that the value
of the D), o, distributed in the range between 0 and 1 in the
following way,

D — DnLin
)
Dmax - szn

Dnorm =

wherein D,,;, and D,,,., are the minimum and maxi-
mum values in the given function D.

The deformation magnitudes D f;,q; in Type 1 and Type
2 functions were defined by the following formula,

Dfinal =G % (]- - Dnorm)a
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TABLE 8
Multiple comparisons for the simple effect of C/D ratio in Experiment 1.
contrast estimate  df t.ratio p-value
5.4cm distance
0.25-0.50 -57.0 249  -5.593 <0.0001
0.25-0.75 -99.2 249  -9.741 <.0001
0.25 - 1.00 -130.8 249  -12.835 <.0001
0.50 - 0.75 -42.2 249  -4.147 =0.0003
0.50 - 1.00 -73.8 249  -7.242 <.0001
0.75 - 1.00 -31.5 249  -3.095 =0.0132
7.2cm distance
0.25-0.50 -58.6 249  -5.683 <0.0001
0.25-0.75 -115.0 249  -11.140 <0.0001
0.25 - 1.00 -141.5 249  -13.706  <0.0001
0.50 - 0.75 -56.3 249  -5.457 <0.0001
0.50 - 1.00 -82.8 249  -8.023 <0.0001
0.75 - 1.00 -26.5 249  -2.566 =0.0652
9.0m distance
0.25-0.50 -72.1 249  -7.335 <0.0001
0.25-0.75 -127.4 249  -12.958  <0.0001
0.25 - 1.00 -157.9 249  -16.059  <0.0001
0.50 - 0.75 -55.3 249  -5.623 <0.0001
0.50 - 1.00 -85.8 249  -8.723 <0.0001
0.75 - 1.00 -30.5 249  -3.101 =0.0129
250
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Fig. 6. Saturation/growth of object deformation we employed for each
condition of the five function types in Experiment 2, with the C/D ratio of
1.0 (thus, the maximum magnitude of object deformation of 240 pixels).

and the deformation magnitudes D ;4 in Type 4 and Type
5 functions were defined by the following formula,

-Dfinal =G x Dnormv

wherein G denotes the maximum deformation magnitude
in pixels. When the C/D ratio was 0.25, 0.5, and 1.0, G was
60, 120, and 240 pixels, respectively.

5.1.4 Procedure

The procedure was identical to the one used in Experiment
1 except for the following points. The main trials consisted
of fifteen trials with the three conditions of C/D ratios
(0.25, 0.5, and 1.0) and five conditions of nonlinear functions
(Types 1-5). The order of the fifteen trials was randomized
and within and across the participants.
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5.1.5 Prediction of Results in Terms of the saturation speed
of Object Deformation

If the results of Experiment 1 were derived from the varia-
tion in the saturation speed of object deformation due to the
effective distance of hand movements, the softness rating
scores should be lower in the Type 1, Type 2, and Type 3
conditions in that order because the object deformation was
saturated earlier in that order. In contrast, since the temporal
non-linearity of object deformation in the Type 4 and Type
5 conditions was not similar to the one in Experiment 1’s
stimuli, it was not appropriate to make predictions for the
results in the Type 4 and Type 5 conditions on the basis
of the results of Experiment 1. Nevertheless, we tested the
two conditions because we wanted to explore the role of the
growth of object deformation in determining the object’s
softness. If the growth speed of object deformation was
substantial in modulating the perception of object softness,
the rating scores would be lower in the Type 5, Type 4 and
Type 3 conditions in that order because the growth of object
deformation was attenuated in that order.

5.1.6 Results

C/D ratio
0.25 0.50 1.00

5.0
0 4 01 | | | | |
o
(o]
o -
[72]
[@)]
= 3.0 | |
o
w |
n 4
(0]
£
S 2.0 | | | | |

1.0

Type 1 Type2 Type3d Typed Typeb

Fig. 7. Softness rating scores for each C/D ratio and function type
condition (N = 82). Error bars denote 95% confidence intervals.

As in Experiment 1, we checked whether the frame
rate of stimulus presentation influenced the softness rating
scores. There was no significant correlation between them
(rs = 0.013, p = 0.578).

We again reviewed the time it took participants to com-
plete the task and found that they completed it within
a reasonable amount of time (median: 3.22 minutes, 95%
confidence intervals: [1.16, 12.34]). Only one participant took
44 minutes to complete the task. For that participant, only
the first trial took a long time, so it was assumed that she/he
probably performed the task a while after the first screen
was opened. We checked the data for that participant but
found nothing suspicious. Since there was no reason to
exclude this participant’s data, we used all participants” data
for further analysis.
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Figure 7 shows the rating scores for the object softness
for each of the three C/D ratios and five function types. As
in Experiment 1, we transformed the rating scores by using
the ART and conducted a two-way repeated ANOVA with
the C/D ratio and the function types as within-participant
factors.

Table 9 shows the ANOVA results for the rating data
in Experiment 2. Both the main effects of the C/D ratio
and the function type were significant. Interaction between
the two factors was also significant. Multiple comparison
tests (Table 10) for the main effect of the C/D ratio showed
that the rating scores for each C/D ratio condition were
significantly different from those in all other C/D ratio
conditions. Multiple comparison tests (Table 11) for the main
effect of the function type showed that the rating scores in
the Type 5 condition were significantly different from those
in the Type 1, Type 2, and Type 4 conditions.

We also checked the simple effects of the significant
interaction and the outcome of their multiple comparison
tests. The simple effect of the function type (Table 12) was
significant when the C/D ratios were 0.25 and 1. Multiple
comparisons (Table 13) showed that when the C/D ratio was
0.25, the rating scores were significantly different between
Type 2 and Type 5, and between Type 4 and Type 5. Also,
when the C/D ratio was 1, the rating scores were signif-
icantly different between Type 1 and Type 4. The simple
effect of the C/D ratios (Table 14) was significant for all
function type conditions. Multiple comparisons (Table 15)
showed that the rating score in each C/D ratio condition
was significantly different from the one in all other C/D
ratio conditions.

TABLE 9
ANOVA table for the rating data in Experiment 2.
Factors df(dfres) Fvalue PrCF)  n2
C/D ratio 2(162) 158.972  <.0001  0.662
Function type  4(324) 4.524 =.002 0.052
Interaction 8(648) 2.175 =.028 0.026
TABLE 10
Results of multiple comparison tests for C/D ratio in Experiment 2’s
rating data.
contrast estimate  df t.ratio p-value
0.25-0.5 -219 162 -7.702 <.0001
0.25-1.00 -506 162 -17.778  <.0001
0.50-1.00 -287 162  -10.076  <.0001

5.1.7 Discussion

Although the rating scores significantly varied depending
on the function type defining the saturation/growth speed
of object deformation during touchless controls, none of
the outcomes could account for the results of Experiment
1. Specifically, the rating scores in this experiment did not
decrease in the order of the Type 1, Type 2, and Type 3
conditions, which were not consistent with the results of
Experiment 1. The results indicate that the saturation speed
of object deformation could not explain the effect of the
effective distance of hand movements on the object softness
judgments in Experiment 1.
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TABLE 11
Results of multiple comparison tests for C/D ratio in Experiment 2’s

rating data.
contrast estimate  df tratio p.value
1-2 12.35 324 0512 1.0000
1-3 26.72 324 1.108 1.0000
1-4 24.28 324 1.007 1.0000
1-5 93.34 324 3.872 0.0013
2-3 14.37 324 0.596 1.0000
2-4 11.93 324  0.495 1.0000
2-5 80.99 324 3.360 0.0087
3-4 -2.44 324 -0.101 1.0000
3-5 66.62 324 2764 0.0604
4-5 69.06 324 2.865 0.0445

TABLE 12

Simple effect of function types in Experiment 2.

C/Dratio  df(dfres) Fvalue Pr(>F) n2

0.25 4(324) 3.340 =0.0106  0.040
0.50 4(324) 1.486 =0.2062  0.018
1.00 4(324) 2.579 =0.0374  0.031

We observed that the softness rating scores in the Type
5 condition were significantly smaller than the scores in the
Type 1 and Type 2 conditions. When the participant’s hand
movement distance exceeded 9 cm and the deformation
ceased, the discontinuity of object deformation was caused.
In the Type 5 condition with late growth deformation pat-
terns, the discontinuity of object deformation was likely
salient in comparison with the Type 1 and Type 2 conditions
with saturation deformation patterns. Such discontinuity of
object deformation might contribute to the determination
of perceived softness during touchless inputs. The salient
discontinuity of object deformation might serve as a cue to
non-soft materials.

6 EXPERIMENT 3: RELATIONSHIP BETWEEN
SOFTNESS AND OTHER PERCEPTUAL IMPRESSIONS

6.1 Purpose

So far, we have shown that the effective distance of hand
movements was a strong determinant of softness matching
scores for an object controlled by the participants’ touchless
inputs. On the other hand, it was still unclear how the sud-
den cease (that is, the discontinuity) of object deformation
affected the softness rating scores. To address the unclear
issue, it would be beneficial to focus on not only softness but
also other perceptual impressions. As described above, the
change in object speed contributes to the change in the im-
pression of friction, gravity, or viscosity [11], resistance [27],
and collision [28], [29], [30], [31]. Moreover, in our prelimi-
nary observation, the participants informally reported “the
sudden change of softness and heaviness” and “something
happened to the object”. Thus, there was a possibility that
the discontinuity of object deformation caused the change
in perceptual impressions other than softness. Moreover, as
a previous study [61] on haptic devices has shown, other
types of haptic impressions, such as warmness, roughness,
size, and weight, could be influenced by the discontinuity
of object deformation. Checking the relationship between
the softness impression and other types of impression may
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TABLE 13
Multiple comparisons for the simple effect of function types in
Experiment 2.

contrast estimate  df tratio p.value
0.25 C/D ratio
1-2 -3.74 324  -0.324 =1.0000
1-3 7.48 324  0.649 =1.0000
1-4 -7.01 324  -0.608 =1.0000
1-5 30.24 324 2.623 =0.0913
2-3 11.22 324 0973 =1.0000
2-4 -3.27 324 -0.283 =1.0000
2-5 33.98 324 2947 =0.0344
3-4 -14.49 324 -1.256  =1.0000
3-5 22.76 324 1974 =0.4923
4-5 37.25 324 3.230 =0.0136
1.00 C/D ratio
1-2 14.9 324 1.142 =1.0000
1-3 13.8 324  1.058 =1.0000
1-4 39.7 324  3.045 =0.0252
1-5 25.6 324  1.963 =0.5051
2-3 -1.1 324 -0.084 =1.0000
2-4 24.8 324 1903 =0.5792
2-5 10.7 324 0.821 =1.0000
3-4 25.9 324 1987 =0.4774
3-5 11.8 324 0.905 =1.0000
4-5 -14.1 324  -1.082  =1.0000
TABLE 14

Simple effect of C/D ratios in Experiment 2.
Func types  df(dfres) Fvalue Pr(>F) 73
Type 1 2(162) 95.693 <0.0001 0.542
Type 2 2(162) 67409  <0.0001 0.454
Type 3 2(162) 74.342 <0.0001 0.478
Type 4 2(162) 46.413 <0.0001 0.364
Type 5 2(162) 86.600 <0.0001 0517

also give us some insights into the underlying psychological
mechanism for reducing perceptual softness due to the
discontinuity of object deformation. In this experiment, we
asked the participants to rate eight items regarding var-
ious types of perceptual impressions (please refer to the
“Procedure” section for detail). Based on the results, we
tried to interpret how the change in softness perception
occurred when the object deformation ceased during touch-
less inputs. Specifically, we analyzed Spearman’s correlation
coefficients among the rating scores for various perceptual
impressions. Moreover, we conducted a factor analysis to
explore latent variables underlying the determination of
perceptual impressions for object deformation during touch-
less inputs.

Furthermore, instead of the two-dimensional texture
noise used in the previous experiments, we used the three-
dimensional object to check whether we could observe the
similar effect of the C/D ratio and the effective distance
of hand movements on the softness rating scores with
the three-dimensional object. In the previous experiment,
the object to be deformed was a two-dimensional textured
rectangle. In daily life, we often pull and push three-
dimensional elastic objects. In this respect, it would be
meaningful to check whether the conclusion of the previous
experiments could be extended to the case wherein the
participants manipulated the three-dimensional object with
touchless inputs.
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TABLE 15
Multiple comparisons for the simple effect of C/D ratio in Experiment 2.

contrast estimate  df t.ratio p.value
Type 1

025-050 -45.8 162 -5.943 <.0001
0.25-1.00 -106.3 162  -13.790  <.0001
0.50-1.00 -60.5 162 -7.847 <.0001
Type 2

025-050 -375 162 -4.597 <.0001
025-1.00 -94.1 162 -11.532 <.0001
0.50-1.00 -56.6 162  -6.935 <.0001
Type 3

025-050 -42.8 8.36 -5.122 <.0001
0.25-1.00 -101.5 836 -12.144 <.0001
0.50-1.00 -58.7 8.36 -7.022 <.0001
Type 4

025-050 -425 8.72 -4.870 <.0001
0.25-1.00 -84.0 8.72 -9.634 <.0001
0.50-1.00 -41.5 8.72 -4.765 <.0001
Type 5

025-050 -41.3 162  -5.213 <.0001
0.25-1.00 -103.6 162  -13.072  <.0001
0.50-1.00 -62.3 162  -7.859 <.0001

6.2 Participants

189 (93 female and 96 male) people, who had not par-
ticipated in the previous experiments, participated in this
experiment. Their mean age was 40.80 (SD: 10.83). The
participants’ ages ranged from 20 to 59, and the numbers of
participants in the 20’s, 30’s, 40’s, and 50’s age generations
were 36, 51, 52, and 50, respectively. All of the participants
were unaware of the specific purpose of the experiment.

6.2.1 Apparatus

The apparatus for this experiment was identical to that used
in the previous experiments. The mean sampling rate of
the hand tracking in this experiment was 18.859 Hz (SD:
12.352 Hz). The lower frame rate in this experiment might
be that rendering the three-dimensional objects in visual
stimuli required more computational time than the two-
dimensional noises used in Experiments 1 and 2.

6.2.2 Stimuli

The stimuli were identical to those employed in the previ-
ous experiments except for the following. While the previ-
ous experiments used a two-dimensional object with tex-
ture noises as a stimulus, this experiment used a three-
dimensional object (a cylinder) as a stimulus. The cylinder
was rendered by using Three.js (https://threejs.org/). The
surface of the cylinder was textured with the white noise
image as used in Experiments 1 and 2. The cylinder was
displayed on the left side of the display. The left side of the
cylinder was located 3cm to the left of the horizontal center
of the display. The cylinder was captured by a camera (in the
virtual scene) with a frustum vertical field of view of 45 deg.
The camera always looked at the center of the coordinate. To
indicate the spatial range for participants to move their right
hand, we presented a thick line with 0.3 cm height and 9 cm
width, instead of the arrow as used in Experiments 1 and 2.
The reason for this change was that we felt that the arrow
was not always necessary to indicate the spatial range of
hand movements to the participants. The line was centered
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at the 5.6 cm right of the horizontal center of the display.
The background for the cylinder and the line was black.

The initial width and height of the cylinder were 1.4
and 1.6 cm, respectively. As the participant moved their
right hand toward the right in front of the line, the cylinder
was horizontally elongated toward the right. The maximum
width of the cylinder was 2.0 cm, which occurred in the
condition with a C/D ratio of 1.0 and an effective distance of
9 cm. The amount of elongation was fairly smaller than the
one employed in Experiments 1 and 2. This was because, in
the three-dimensional scene, the larger elongation distorted
the apparent shape due to the camera’s field of view. Specifi-
cally, the cylinder distorted in a more periphery visual field.
Although we could use a lower value of the field of view
to correct the distortion, in that case, the appearance of the
cylinder was akin to the two-dimensional noises used in
Experiments 1 and 2. Hence, we chose this small magnitude
of elongation to present the three-dimensional appearance
of the cylinder reliably. In the conditions with the C/D ratio
of 0.25, 0.50, 0.75, and 1.00, the maximum magnitude of
elongation was 1.55, 1.70, 1.85, and 2.0 cm, respectively. In
the conditions with the effective distance of hand distance
of 54, 7.2, and 9.0 cm, the elongation ceased when the
elongation reached x0.6, x0.8, and x1.0 the maximum
magnitude of elongation which was determined by the C/D
ratio.

Before deformation After deformation

Fig. 8. The appearance of stimuli as used in Experiment 3. The left
and right panels show the appearance of stimuli before and after object
deformation due to the participant’s touchless inputs.

6.2.3 Procedure

In each trial, the participant was asked to move their right
hand in front of the line presented on the right side of the
display. Despite the effective distance of hand movements,
the list of items to which the participant responded ap-
peared after the participants moved their hand by 9 cm. The
list of the items consisted of impression words for “Soft-Not
soft”, “Cold-Warm”, “Not viscous-Viscous”, “Bumpy-Not
bumpy”, “Small-Large”, “Heavy-Light”, “No friction-With
friction”, and “Collision—-No collision.” We chose the items
on the basis of the previous studies [?], [11], [27], [29], [30],
[31], [61]. Each item had seven numbers (1-7) with radio
buttons. Participants were instructed to click on the radio
button to the left of the number closest to their impression
written on either side of each question item. We used a
7-point scale, instead of a 5-point scale as in Experiments
1 and 2 because we assumed that a finer scale than the
previous experiments was required for the evaluation of
stimuli of this experiment, which had a narrower stimulus
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deformation range than the stimuli of the previous experi-
ments. The participant could proceed to the next trial only
after they responded to all eight items. As in Experiment
1, each participant received 12 trials of 4 conditions of the
C/D ratio and 3 conditions of the effective distance of hand
movements. The trials were conducted in a random order
that varied among participants.

6.2.4 Results

We again reviewed the time it took participants to complete
the task and found that they completed it within a rea-
sonable amount of time (median: 3.22 minutes). Only one
participant took 44 minutes to complete the task. For that
participant, only the first trial took a long time, so it was
assumed that she/he probably performed the task a while
after the first screen was opened. We checked the data for
that participant but found nothing suspicious. Since there
was no reason to exclude this participant’s data, we used all
participants” data for further analysis.

For the item “Soft-Not soft”, to make consistency among
experiments, we subtracted the rating scores from 7 and
treated it as the score of “Not soft-Soft”. The median time the
participant took to perform the task on each trial was 30.449
seconds (with 95% confidence intervals of [14.203, 119.736]).
As in Experiments 1 and 2, we checked whether the frame
rate of stimulus presentation influenced the softness rating
scores. Different from the previous experiments, there was a
significant correlation between them (rs = 0.100, p < 0.001).
The results indicate that the higher frame rate of stimulus
presentation caused the higher softness rating scores. In
comparison with Experiments 1 and 2, the mean sampling
rate (that is, frame rate) was lower in Experiment 3. As
described above, the lower frame rate in this experiment
might be that rendering the three-dimensional objects in
visual stimuli required more computational time than the
two-dimensional objects used in Experiments 1 and 2. The
lower frame rate in this experiment might cause lower
softness rating scores, and consequently, a significant cor-
relation coefficient might be obtained. On the other hand,
the correlation coefficient, while significant, was not very
high. Hence, we concluded that the influence of the frame
rate on the softness rating scores was not so strong.

Figure 9 shows the rating scores for each item. Each
graph shows the scores for each condition of the four levels
of C/D ratios and three levels of the effective distance
of hand movements. As in Experiment 1, we transformed
the rating scores using the ART and conducted a two-way
repeated ANOVA with the C/D ratio and effective distance
of hand movements as within-participant factors.

Table 16 shows the main effect and interaction of the
two factors. The main effect of the C/D ratio was significant
for the items “Not soft-Soft”, “Cold-Warm”, “Small-Large”,
“Heavy-Light”, and “No friction-With friction”. The results
of the multiple comparison tests for each significant main
effect are shown in Table 17. The main effect of the effective
distance of hand movements was also significant for the
items “Not soft-Soft”, “Cold-Warm”, “Bumpy-Not bumpy”,
and “Heavy-Light”. The results of the multiple comparison
tests for each significant main effect are shown in Table 18.
Interaction between the two factors was significant for
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“Collision-Not collision”. The simple effect of the signifi-
cant interaction reached significance only for the effective
distance of hand movement when the C/D ratio was 1.0
(F2,374=3.425, p=.0335,72=0.018). The multiple comparison
test for the significant simple effect showed that the rating
scores for “Collision-No collision” were significantly higher
when the effective distance of hand movements was 5.4 than
when it was 9.0 (f374 = 2.466,p = .0423).

TABLE 16

ANOVA table for the rating scores in Experiment 3.
Factors df(dfres) Fvalue Pr>F)  n2
Not soft - Soft
C/D ratio 3(561) 81.675 <.0001 0.304
Effective distance 2(374) 11.359 <.0001 0.057
Interaction 6(1122) 1.827 =.0967  0.009
Cold - Warm
C/D ratio 3(561) 14.685 <.0001  0.072
Effective distance 2(374) 3.523 =.0305 0.018
Interaction 6(1122) 2.034 =.0584 0.010
Not viscous - Viscous
C/D ratio 3(561) 0.171 =9155 0.001
Effective distance 2(374) 0.0245 =.9757  0.0001
Interaction 6(1122) 0.5876 =.7404  0.003
Bumpy - Not bumpy
C/D ratio 3(561) 1.108 =.3452  0.006
Effective distance 2(374) 11.853 <.0001  0.060
Interaction 6(1122) 0.8066 =.5645 0.004
Small - Large
C/D ratio 3(561) 3.480 =.0158 0.018
Effective distance 2(374) 0.7819 =.4582  0.004
Interaction 6(1122) 1.718 =.113 0.009
Heavy - Light
C/D ratio 3(561) 45.852 <.0001 0.197
Effective distance 2(374) 4.6732 =.009 0.024
Interaction 6(1122) 0.6198 =.7145 0.003
No friction - With friction
C/D ratio 3(561) 24.437 <.0001 0.116
Effective distance 2(374) 2.013 =.1350 0.010
Interaction 6(1122) 0.527 =.7889  0.003
Collision - No collision
C/D ratio 3(561) 1.817 =.1429 0.009
Effective distance 2(374) 1.6398 =.1954 0.008
Interaction 6(1122) 3.143 =.0046 0.017

To explore the relationship among perceptual impres-
sions that we examined, we calculated Spearman’s corre-
lation coefficients among the rating scores of the items. The
obtained correlation coefficients and p-values are shown in
Figure 10. Softness impression was moderately correlated
with the impression of “Heavy-Light”. That is, a softer
object was judged to be lighter. Interestingly, the softer
impression was also moderately correlated with the scores
of “Cold-Warm” while the scores of “Cold-Warm” was
correlated more strongly with the scores of “Small-Large”.
The scores of “Not viscous-Viscous” were most correlated
with the scores of “Bumpy-Not bumpy” while the scores of
“Bumpy-Not bumpy” were most correlated with the scores
of “Collision-No collision”. The scores of “Heavy-Light”
were most correlated with the scores of “Not soft-Soft”. The
scores of “No friction-Friction” were most correlated with
the scores of “Collision-No collision”.

The interpretation of the correlation coefficients was not
so easy because the rating scores of a single item were
correlated with the rating scores of multiple items. To fa-
cilitate the interpretation, we conducted a factor analysis
and checked what sort of latent factors was involved with
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Fig. 9. Rating scores for each condition of C/D ratio and effective distance of hand movements (N = 189) in Experiment 3. Error bars denote 95%

confidence intervals.

perceptual impressions for the object deformation during
touchless control. To determine the factor count for the
factor analysis, we first calculated eigenvalues. As shown in
Figure 11, the factor count with the eigenvalues greater than
1 was three. Thus, we conducted the factor analysis with
a factor count of three. Table 19 shows the factor score of
each item after a varimax rotation. The first factor contained
the items of “Cold - Warm”, “Small - Large”, and “Heavy
- Light”. The second factor contained “Not soft - Soft”. The
third factor contained “Not viscous - Viscous”, “No friction
— With friction”, and “Collision — No collision”.

6.2.5 Discussion

The results showed that the effective distance of hand
movements still significantly influenced the softness rating
scores even when the participants were asked to judge other
perceptual impressions than softness. The results indicate
that the effect of the effective distance of hand movements
on the softness rating scores is not the product of bias due to
asking the participants to judge softness impressions only.
On the other hand, not only softness but also other
perceptual impressions such as “Cold-Warm”, “Bumpy-
Not bumpy”, and “Heavy-Light” were also influenced
by the effective distance of hand movements. According
to the results of our factor analysis, “Cold-Warm” and
“Heavy-Light” stemmed from the first factor, “No soft-Soft”
stemmed from the second factor, and “Bumpy-Not bumpy”
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Fig. 10. Correlation matrix among the rating scores in Experiment 3.
Annotations are Spearman’s correlation coefficients and p-values.

stemmed from the third factor. Thus, the discontinuity of
object deformation, which was caused by the presence of
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TABLE 17
Results of multiple comparison tests of the significant main effect of the
C/D ratio in Experiment 3.

contrast estimate  df t.ratio p-value
Not soft - Soft
0.25-0.5 -211.2 561  -5.969 <.0001
0.25-0.75 -414.1 561 -11.703  <.0001
0.25-1 -508.8 561 -14.377  <.0001
0.5-0.75 -202.9 561 -5.734 <.0001
05-1 -297.5 561  -8.408 <.0001
0.75-1 -94.6 561 -2.674 =.0462
Cold - Warm
0.25-0.5 -113.5 561 -4.271 =.0001
0.25-0.75 -144.8 561 -5.446 <.0001
025-1 -158.8 561 -5.971 <.0001
0.5-0.75 -31.24 561 -1.175 =1.000
05-1 -45.2 561 -1.700 =.5375
0.75-1 -13.9 561 -0.525 =1.000
Small - Large
0.25-05 -66.9 561 -2.403 =.0099
0.25-0.75 -53.2 561  -1.908 =.3408
025-1 -83.5 561 -3.07 =.0134
0.5-0.75 -13.7 561 -0.494 =1.000
05-1 -18.5 561 -0.666 =1.000
0.75-1 -32.3 561 -1.161 =1.000
Heavy - Light
0.25-0.5 -1434 561 -4.235 =.0002
0.25-0.75 -264.6 561 -7.812 <.0001
0.25-1 -377.7 561 -11.151 <.0001
0.5-0.75 -121.1 561 -3.577 =.0022
05-1 -234.2 561 -6.916 <.0001
0.75-1 -113.0 561 -3.338 =.0052
No friction - With friction
0.25-0.5 88.1 561 2.776 =.0034
0.25-0.75 184.5 561 5.816 <.0001
025-1 253.6 561 7.993 <.0001
0.5-0.75 96.4 561  3.039 =.0015
05-1 165.5 561 5.216 <.0001
0.75-1 69.0 561 2.1770 =.1793
TABLE 18

Results of multiple comparison tests of the significant main effect of the
effective distance of hand movement in Experiment 3.

contrast estimate  df tratio p.value
Not soft - Soft

54-72 -79.6 374 -3.155 =.0051
54-9.0 -117.8 374 -4.671 <.0001
72-9.0 -38.2 374 -1516 =.3910
Cold - Warm

54-72 -59.0 374 2642 =.0257
54-9.0 -117.8 374 -1537 =.3751
72-9.0 -38.2 374  1.105 =.8090
Bumpy - Not bumpy

54-72 -33.5 374 -1.720 =.2582
54-9.0 59.9 374 3.083 =.0065
72-9.0 93.4 374  4.804 <.0001
Heavy - Light

54-72 -61.8 374 -2.363 =.0558
54-9.0 74.9 374 -2.861 =.0133
72-9.0 -13.0 374 -0497 =1.000

the effective distance of hand movements during touchless
inputs, can influence various aspects of perceptual impres-
sion.

When the C/D ratio was 1.0, the main effect of the
effective distance of hand movements was significant for
the rating scores of “Collision - No collision”. The results
are consistent with the previous studies [28], [29], [30],
[31] showing that motion discontinuity served as a cue to

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

13

2.5

2.01

Eigenvalue
o

—
@

0.5-

0.0

1 2 3 4 5 6 7 8
Factor count

Fig. 11. Eigenvalues as a function of factor counts for the rating scores in
Experiment 3. Since the factor count with the eigenvalues greater than
1 was 3, we conducted a factor analysis with the factor count of 3.

TABLE 19
Factor scores for each item and cumulative variance in Experiment 3.
Bold-style values indicate maximum factor factors for each item.

Item factorl factor2 factor3
Not soft - Soft 0.208337 0.971814 0.089918
Cold - Warm 0.841540 0.197321  -0.150379
Not viscous - Viscous 0.006472  -0.270443 0.479372
Bumpy - Not bumpy 0.125152  -0.020790  0.493394
Small - Large 0.518055 -0.018932 0.060709
Heavy - Light 0.482910 0.294893 0.365981
No friction — With friction ~ 0.108375  -0.190682  -0.497647
Collision — No collision 0.030515 0.099745 0.489601
Cumulative variance 0.160195 0.309015 0.450130

pseudo-haptic collision.

The factor analysis showed that the three latent variables
might underlie the judgment of perceptual impressions for
the objects controlled by touchless inputs. The first vari-
able, which influenced “Cold-Warm”, “Small-Large”, and
“Heavy-Light”, seemed to be involved with the inference
of the object’s material properties. The second variable,
which influenced “Not soft-Soft”, is likely related to the
inference of perceptual softness. The third variable, which
influenced “Not viscous-Viscous”, “No friction—-With fric-
tion”, and “Collision-No collision”, is possibly related to the
inference of interaction between the user (or user’s action)
and external objects. Though the list of the latent variable is
possibly not a thorough one due to the limited number of
items we tested, our results indicate that perceptual impres-
sions that the participants conceive during touchless inputs
are multi-facet. To accurately understand the psychological
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mechanism, it is necessary to use an expanded set of items
for perceptual impressions.

There were pros and cons to using the 3D object in
this experiment. For pros, we could extend the conclusion
with the 2D objects in Experiment 1 to the case with the
3D objects. For cons, it was not possible to check whether
the results of Experiment 1 with the 2-D objects could be
reproduced by different subjects in a new experiment that
also used 2-D objects. Moreover, the difference in stimuli
caused the difference in the softness rating scores between
Experiments 1 and 3. Compared with Experiment 1, the
absolute level of rating scores for perceptual softness was
lower in this experiment. This might be because the magni-
tude of object deformation was smaller in this experiment
than in Experiment 1. On the other hand, the effect of
the effective distance of hand movements was significant
in both experiments. Therefore, the discontinuity of object
deformation possibly serves as a cue to perceptual softness
relatively independent of the magnitude of object deforma-
tion.

7 CONCLUSION
7.1 Summary of Results

The present study examined how the effective distance of
hand movements impacted the softness rating scores of
an object under the control of the user’s touchless inputs.
Experiment 1 showed that in addition to the C/D ratio,
the effective distance of hand movements was a critical
factor in determining the softness rating scores. Experiment
2 showed that the saturation speed of object deformation,
which was inherently triggered by adopting the effective
distance of the hand movements, did not account for the
variation of the rating scores in Experiment 1. In Exper-
iment 3, we observed that the effective distance of hand
movements still significantly influenced the softness rating
scores even when the participants were asked to report other
perceptual impressions than softness. We also reported that
the effective distance of hand movements affected other
perceptual impressions than softness.

7.2 Significance of the Present Study
7.2.1 Scientific Significance

The present study essentially replicated the previous studies
showing that in a passive stimulus viewing, the visual
softness of elastic objects increased with the magnitude of
the object deformation [45], [46], [47]. As described above,
manipulation of the effective distance of hand movements,
which significantly affected the softness rating scores,
caused the variation of the deformation magnitudes. Thus,
the present study showed that the softness rating scores
varied with the magnitude of object deformation while
users actively controlled the magnitude of deformation via
their touchless inputs.

7.2.2 Technical Significance

The present study showed that the softness judgment of
an object under the control of user’s touchless input was
altered by the cessation of object deformation during the
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control. Specifically, an earlier cessation of object deforma-
tion in the course of deformation manipulation via touchless
control produced a lower softness judgment for the object.
Without considering the effect of the effective distance of
hand movements, it doesn’t seem easy to provide the de-
sired level of object softness to users who controlled the
deformation of the object via their touchless control. In
presenting the softness of an object that is deformed by
users’ touchless inputs, the first important thing to keep in
mind is the need to adjust the hand position to fall within
the angle of camera view, so that the deformation of the
object does not stop in the course of the input. In addition,
it must be implemented so that any occluder does not block
the camera view of the hand. Although the effective distance
of hand movements is likely to cause problems such as the
one this study demonstrated, the problems can be avoided
by using a hand position sensing device other than a camera.

Issues arising from sensing failures (in our case, issues
arising from the effective distance of hand movements) are
a general problem which can occur when we adopt other
touchless sensing devices. For example, a magnetic sensor
such as Polhemus tracker [62] has an effective range of
sensing. When the user’s hand exceeds this range, tracking
cannot be performed. Therefore, there is a possibility that
the issues examined in our study are common to various
sensing methods for touchless input that have an effective
range of sensing. In addition, the issues might be common
to devices that are not directly related to the sensing of
touchless inputs. For example, a touchpad that is embedded
within a laptop PC cannot sense finger movements outside
the area of the touchpad, and thus there is an effective sens-
ing range. A similar sort of the effect of the effective distance
on softness judgment would be observed in the case of the
touchpad, although it may be necessary to consider the
effect of the actual touch feeling on the softness judgment
as well. In this way, in order to mitigate the effect of sensing
failures on the softness judgment, it is probably necessary
to consider the characteristics of users’” perceptions, which
likely vary according to each sensing method.

So far, we have considered the effect of effective distance
as a negative component for the softness presentation in the
touchless input system and have proposed some methods
of avoiding it. However, it may be also, possible for us
to regard it as a positive component for the presentation
of softness impressions. Since the present study showed
the significant interaction between the C/D ratio and the
effective distance, it may be possible to control the level of
object softness in a finer manner with, rather than without,
taking the effect of the effective distance into account.

7.3 Limitations and Future Issues
7.3.1 Another Interpretation of the Present Study

We attributed the effect of effective distance on hand move-
ments to the changes in the magnitude of deformation with
effective distance. However, the results can be interpreted
in a different manner from ours. Namely, the results may
be interpreted in terms of the C/D ratio only. In our stim-
uli, when the hand was outside the effective distance of
hand movements, any hand movement no longer caused
the deformation. The C/D ratio in this situation can be
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considered to be zero. If the sensory system can integrate
and/or average the C/D ratio across time (or along a hand
movement trajectory), the perceived C/D ratio is lower in
the condition with the smaller effective distance of hand
movements. However, there is no previous study to support
the proposal for the temporal integration of the C/D ratio
across time. Future studies are necessary to support this
suggestion.

7.3.2 Spatiotemporal Resolution

The experiment of the present study was conducted on-
line, and thus, the hand-tracking device was limited to the
camera which the participants used. The results suggest
that the touchless input is effective even in a situation
in which users controlled the objects via touchless inputs
online. We suggest that the spatiotemporal resolution of the
camera was also enough to clarify the basic property of
object softness judgments by users. However, using devices
with a higher spatiotemporal resolution may enhance users’
immersive experiences of the object’s softness and/or the
sense of agency in controlling the object’s deformation via
touchless inputs. From a scientific perspective, a device with
high temporal resolution may enable us to check how fine
temporal structures of hand movements could influence the
users’ judgment of the object’s softness.

Similarly, it is an important limitation of the present
study that the frame rate of the stimulus presentation was
not controlled. Although no significant correlations were ob-
served between the softness rating scores and frame rate in
Experiments 1 and 2, a significant correlation was observed
in Experiment 3. The precise control of the frame rate might
be beneficial to obtain robust experimental data and/or user
experiences in touchless input systems.

7.3.3 Lack of Control of Hand Movement Speed

In the experiments in the present study, we did not con-
trol the speed of hand movements. The variation of hand
movement speeds led to the variation in the speed of object
deformation. Thus, the speed of hand movements might
be a potential factor in modulating softness rating scores
because it is known that the speed of object deformation is a
modulatory factor of perceived softness [47]. Future studies
need to carefully evaluate the role of the speed of hand
movements in the determination of the perceived softness
of objects controlled by touchless inputs.

7.3.4 Insufficient monitoring of Experimental Task

All experiments in this study were conducted online. There-
fore, the experimenter could not monitor how participants
performed the tasks. As far as the time taken for participants
to complete a single trial was monitored, it appeared that
participants performed the task within a reasonable amount
of time. On the other hand, the other aspects of monitoring,
such as how many times the hand tracking failed and in
what light and sound environment the task was performed,
were unclear. These unmonitored factors could affect the
evaluation scores. Experimentation in a controlled environ-
ment would reduce this possibility.
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7.3.5 Implementation with 3D Objects and XR

We believe that the results of the present study will be
useful for implementing interfaces in which users interact
with virtual objects in xR. For example, in online shopping
using xR, the results of this study will be useful for under-
standing/configuring situations where users pull the cloth
they want to buy and check the softness and appearance
of the cloth. Though we used touchless inputs to deform a
virtual object, it would be meaningful to examine whether
there is a difference in results between using a VR controller
to deform an object and using touchless input. Although
we used the three-dimensional object in Experiment 3, the
relationship between the participant’s hand movements and
corresponding object deformation could be described in the
two-dimensional space. In this respect, it is intriguing to
extend the results of the present study to the manipulation
in a three-dimensional space and verify whether the effect of
the effective distance of hand movements can be observed in
the extended situation. Such extension is promising with the
touchless inputs because they do not use physical devices,
which often restrict users” hand movements.
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