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Abstract: Force-feedback devices enhance task performance in most robot teleoperations. However,
their increased size with additional degrees of freedom can limit the robot’s applicability. To address
this, an interface that visually presents force feedback is proposed, eliminating the need for bulky
physical devices. Our telepresence system renders robotic hands transparent in the camera image
while displaying virtual hands. The forces applied to the robot deform these virtual hands. The
deformation creates an illusion that the operator’s hands are deforming, thus providing pseudo-haptic
feedback. We conducted a weight comparison experiment in a virtual reality environment to evaluate
force sensitivity. In addition, we conducted an object touch experiment to assess the speed of contact
detection in a robot teleoperation setting. The results demonstrate that our method significantly
surpasses conventional pseudo-haptic feedback in conveying force differences. Operators detected
object touch 24.7% faster using virtual hand deformation compared to conditions without feedback.
This matches the response times of physical force-feedback devices. This interface not only increases
the operator’s force sensitivity but also matches the performance of conventional force-feedback
devices without physically constraining the operator. Therefore, the interface enhances both task
performance and the experience of teleoperation.

Keywords: robot teleoperation; virtual reality (VR); force perception; pseudo-haptic feedback; robot
transparency; virtual hand deformation

1. Introduction

Teleoperated robots have been developed to operate in hazardous environments that
are inaccessible to humans [1–3]. Recently, the development of these robots has extended to
support the social participation of individuals with disabilities, as well as the elderly, who
experience difficulty in public spaces such as public transportation systems and shopping
malls or in performing housework [4]. Thus, advances in telerobotics are geared toward
assisting people in daily living and improving their quality of life, as opposed to only
supporting tasks in difficult environments.

To enhance the sense of social participation facilitated by teleoperated robots for
operators, a system that immerses operators in robots and enables them to manipulate
the robot as if it were their own body is required. For this purpose, a head-mounted
display (HMD) teleoperation system was developed [5–9]. The HMD allows users to see
three-dimensional images from the robot’s viewpoint, providing an immersive operational
experience. The provision of force feedback is important for enabling operators to perform
tasks remotely. Previous research has shown that force feedback improves task perfor-
mance and enhances situational awareness [10–12]. Bilateral control is used to provide
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feedback on the force applied by operators to robots [13–15]. However, force-feedback
devices are required to provide force sensations to operators. As the degrees of freedom to
represent force increase, the size and weight of these devices also increase, making them
difficult for operators to manipulate. In addition, the operating environment is restricted,
and remote operations cannot be performed freely when the user is not at home or is
traveling. Therefore, to provide force feedback to the operator without using haptic devices,
we focused on pseudo-haptics, which provides force feedback through vision.

Pseudo-haptics is a phenomenon caused by a contradiction between visual and somatic
sensations [16]. For example, when a user lifts a ball in real space, the virtual ball in the
virtual space they are observing moves synchronously. If the amount of movement of the
virtual ball is smaller than that of the ball in real space, the user will perceive the ball as
being heavier than its actual weight. Conversely, if the amount of movement of the virtual
ball is larger than that of the ball in real space, the user will perceive the ball as being
lighter than its actual weight. It has been reported that the perception of weight can be
altered by changing the ratio of the amount of movement between the user’s control object
and the displayed control object (C/D ratio) [17]. Son et al. reported that it is possible
to feel the weight of an object using pseudo-haptic feedback even if the user does not
hold it in real space [18]. Lécuyer et al. reported that it is possible to recognize bumps
and holes by changing the velocity of the mouse cursor, in contrast to changing mouse
control [19]. Pseudo-haptic feedback enables an immersive and realistic experience [16,20].
Thus, pseudo-haptics is considered an effective method for presenting force without the
use of force-feedback devices.

However, three problems are associated with the use of conventional pseudo-haptic
feedback to perceive force in teleoperation. First, presenting conventional pseudo-haptics
requires creating a gap between the movement of the manipulated robotic hand and that of
the operator’s hand, resulting in spatial mismatch. This mismatch reduces the transparency
and sense of agency in teleoperation, thereby decreasing the perception and immersiveness
of the remote environment [21–23]. In conventional pseudo-haptic feedback, the amount
of force sensation is changed by changing the C/D ratio [24–26]. However, the larger
the difference in movement, the larger the spatial mismatch, as the C/D ratio is always
different from 1. Second, it is difficult to determine whether an object has been touched
using conventional pseudo-haptics. Conventional pseudo-haptic feedback provides a force
sensation based on the difference between the movement of the user’s hand and that of
the manipulated target. Therefore, recognizing touch using pseudo-haptics is challenging
because there is little difference in movement when touching the object. The third problem
is that it is difficult to determine the degree of force applied to an object, as it is based
on the difference between the movement of the user’s hand and that of the manipulated
target, which is not intuitive. Therefore, to enhance task performance in teleoperation
without physically constraining the operator, a pseudo-haptic feedback method is essential
that addresses three critical aspects. First, the method should minimize any discrepancy
between the positions of the operator’s and the robot’s hands. Second, it should facilitate
rapid recognition of force. Third, it should allow for intuitive understanding of force.
The objective is to develop a pseudo-haptic feedback interface that meets these three
requirements and delivers a force perception comparable to that provided by conventional
force-feedback devices.

We propose an interface that displays virtual hands to embody a robot by rendering
the robot’s hand transparent in camera images. As shown in Figure 1, to present pseudo-
haptic feedback, the force applied to the robot deforms the virtual hands and makes the
operators feel that their hands have been deformed. This interface has the following three
advantages. First, virtual hands enhance the sense of ownership [27] by eliminating the
discrepancies between human and robot appearances. The display of virtual hands allows
users to predict their movements more easily, which is expected to improve the sense of
agency [28] with the robot hands. An increased sense of ownership and agency provides
an immersive experience, as if the operators are operating the robot with their own hands.
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Therefore, if users can perceive the illusion that their hands are deformed when the virtual
hands are deformed, they will be able to feel the force sensation more easily. Second,
because the amount of deformation of the virtual hands is visible, the C/D ratio does not
need to be always set to other than 1 as in conventional pseudo-haptic feedback. Thus,
even as the amount of movement increases, the space mismatch does not increase, unlike in
conventional pseudo-haptic feedback. Finally, when the virtual hands are deformed by the
force applied to the robot, users can instantly recognize that they have touched an object.
Moreover, the deformation of the virtual hand facilitates the intuitive recognition of the
degree of force.

Figure 1. Interface that presents pseudo-haptic feedback through deformation of virtual hands.

To the best of our knowledge, there is no robot teleoperation interface that renders
robots transparent and displays virtual hands. Furthermore, although there has been
research on types of pseudo-haptic feedback of unevenness on object surfaces conveyed
by virtual finger deformation [29], there is no method to present a sense of force by
deforming virtual hands. This study was conducted to develop an interface that enables
users to intuitively recognize forces using only visual information, as the virtual hands
are deformed by the force applied to the robot. This research aimed to evaluate the
fundamental performance of a newly developed interface through two distinct experiments.
The first experiment investigated the minimal positional discrepancy necessary to perceive
force between the operator’s and the robot’s hands in a VR environment, as well as
force sensitivity. The second experiment focused on the speed and intuitiveness of force
perception in a robot teleoperation setting. This study makes significant contributions to
the field in several ways:

1. A teleoperation interface was developed that displays virtual hands on transparent
robotic hands. This telepresence interface is designed to minimize the discrepancy be-
tween human and robot appearance and motion, thereby improving the transparency
of teleoperation.

2. A system was constructed in which the displayed virtual hands were deformed by
the force applied to the robotic hands. This design allows for more sensitive force
perception than conventional pseudo-haptic feedback by creating the illusion that the
operator’s hands are being deformed.

3. The basic performance of the proposed interface was evaluated and compared with
conventional pseudo-haptic feedback systems and physical force-feedback devices,
demonstrating the effectiveness of this new interface.

2. Teleoperation System

The device and the teleoperation system used in this study are described in this section.
The teleoperation system is illustrated in Figure 2. The system uses head tracking with an
HMD (HTC VIVE Pro Eye) and hand tracking with Quantum Metagloves to obtain the
position and posture of the head and hands. Values were sent to the robot operating system
(ROS) using the Unity3D software (2020.3.36f1). Subsequently, the inverse kinematics of the
robots were solved in the ROS, and the target angles of each joint were sent to each robot
(Universal Robot UR3e, UR5e). Images sent from the remote environment were captured
using a stereo camera (ZED Mini, Stereo Labs) attached to one of the three robots (UR3e) at
the center and sent to Unity3D. The frame rate of the images displayed on the HMD was
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60. It took 50 ms for the position and posture commands to be sent and the robots to move
and 130 ms to receive the images. Therefore, the operator experienced a delay of 180 ms.

Figure 2. Schematic of the teleoperation system utilized in this study, featuring an HMD (HTC VIVE
Pro Eye) for immersive visual feedback, quantum metagloves for precise hand tracking, and universal
robots (URs) for robotic manipulation. The system integrates visual feedback with hand tracking to
enable real-time teleoperation within a robot operating system (ROS) environment.

The transparency of the robot at this interface was achieved using chroma-keying (a
method for making certain colors transparent) in Unity3D. As shown in Figure 3, the virtual
hands designed in Blender were displayed based on the transparency of the hands of the
robot. The background image captured without the robot is displayed in an invisible
position. In this experimental setup, the thumb and index fingers of the virtual hands
are constrained to a single degree of freedom, aligned with the width of the gripper
to mirror its position. This setup allows the gripper to open and close as the operator
pinches their thumb and index finger in and out, respectively. The middle, ring, and pinky
fingers moved synchronously with the operator’s fingers. The ZED Mini can obtain depth
information; therefore, the virtual hands are hidden by real objects when they are positioned
behind them.

Figure 3. After the robotic hand is rendered transparent by chroma keying, the virtual hand is
displayed according to the position and posture of the robotic hand.

Realistic virtual hands are displayed to enhance the operator’s sense of ownership
over these appendages. Through rendering the robot transparent, the unpredictable,
complex movements characteristic of multi-jointed robots can be disregarded. These
movements, differing significantly from human motion, complicate prediction and diminish
the operator’s sense of control. Consequently, the interface improves the operator’s sense
of agency, as the virtual hand is perceived as an extension of the operator’s own limb,
thereby enhancing the immersion experience. If the virtual hands are recognized as part of
the operator, peri-personal space [30] is expected to expand around the robot, facilitating
the operator’s adjustment to the robotic controls [31]. Within this expanded peri-personal
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space, operators are able to discern the positions of nearby objects more accurately, which
is anticipated to improve both the speed and precision of reaching and grasping actions.
However, operators often manipulate the virtual hand without due consideration for the
robot’s broader movements, raising the potential for unintended collisions. To address this
issue, the system was designed to prevent collisions with obstacles independently of the
operator’s actions.

3. Conventional Pseudo-Haptic Feedback and Finger Deformation Methods

In this section, the conventional pseudo-haptic feedback method and the deformation
of the virtual hands for each experiment are described.

3.1. Conventional Pseudo-Haptic Feedback Method in Experiment 1

To provide conventional pseudo-haptic feedback, the amount of movement of the
manipulated object displayed and that of the user must be differentiated. In this study,
this difference is referred to as an offset. The offset is the same as the amount of finger
deformation, as shown in Figure 4.

In Experiment 1, the differences in the perception of weight were evaluated based on
differences in the deformation of the virtual fingers (offset). Therefore, instead of always
setting the C/D ratio to a fixed value as in conventional pseudo-haptic feedback, it was set
to 1 after a specific offset was reached. However, the process of creating the offset was the
same as that of conventional pseudo-haptic feedback. As confirmed in previous research,
different offsets change the weight perceived by the operator [20].

Figure 4. Offset of pseudo-haptic feedback and amount of fingertip movement by virtual hand
deformation are equal. Index finger and thumb tips have robotic grippers.

In Experiment 1, the participants lifted two objects in a VR space and compared their
weights. Therefore, an offset was generated in the lifting direction. The equation for
changing the amount of movement of the virtual hands to create an offset is as follows:

probot_y = pini_y + α · (phand_y − pini_y), (1)

where probot_y denotes the y-axis position of the displayed virtual fingertip (robot gripper),
pini_y denotes the y-axis position at which the object is grasped, α denotes the C/D ratio,
and phand_y denotes the actual y-axis position of the midpoint between the tips of the index
finger and thumb of the operator. The operator’s perception of the weight was changed
by changing the C/D ratio. For example, when the C/D ratio was low, the speed of the
manipulated target was reduced, and the operator perceived the target as heavier. In this
study, the C/D ratio was fixed, and the weight was changed by manipulating the offset.
Based on a previous study [26], the C/D ratio was determined to be 0.18, which enabled
the operator to feel the weight of the object and caused the least discomfort. The offset was
determined by the weight of the object to be lifted. The equation for the target offset is
as follows:

dtarget = dmax ·
f

fmax
, (2)
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where dtarget denotes the target offset, dmax denotes the maximum offset, f denotes the
weight of the object, and fmax denotes the maximum weight of the object to be lifted.
The dmax and fmax can be set to the offset that is imaged when lifting the heaviest object
for each user. In Experiment 1, dmax and fmax were set to 40 mm and 40 N, respectively.
The offset equation is as follows:

d = phand_y − probot_y, (3)

where d denotes the offset. When the offset reaches the defined offset (d > dtarget), the real
and virtual hand movements were synchronized. The equation for the position of the
virtual hand (gripper of the robot) after synchronization is as follows:

probot_y = phand_y − dtarget. (4)

3.2. Finger Deformation Method in Experiment 1

In the virtual finger deformation method, the movements of the virtual hand and
the operator’s real hand were equal. The virtual fingers are deformed based on the offset
values. The change in the height of the virtual fingertip owing to virtual finger deformation
was adjusted to achieve the same value as the offset. Therefore, as illustrated in Figure 4,
the virtual fingertip position and movement of the grasped object are the same as those
in the pseudo-haptic feedback method. By counting the joints of the fingertip, the second
joint of the thumb and the second and third joints of the index finger were rotated around
the z-axis, as shown in Figure 5a according to the offset value. The equation for the joint
angle of the virtual finger rotated by an offset value is as follows:

θ2,3 = θmax ·
d

dmax
, (5)

where θ2,3 are the angles of the second and third joints of the virtual fingers, respectively,
and θmax is the maximum value of the joint angles of the virtual fingers. The θmax can be
set to the amount of finger deformation imagined when lifting the heaviest object for each
user. In Experiment 1, the θmax was set at 30 degrees. The first joints of the virtual thumb
and index finger were bent to ensure that the movement of the virtual fingertip was equal
to that of the offset. The equation for the first joint angle of the virtual thumb is as follows:

d = l1 sin (θ1 + θ2) + p2_y − p1_y, (6)

θ1 = arcsin (
d − (p2_y − p1_y)

l1
)− θ2, (7)

where θ1 is the angle of the first joint of the virtual finger, p1_y and p2_y are the y-axis
position of the first and second joints of the virtual finger, and l1 is the x-axis distance
between the virtual fingertip and first joint when the object is grasped. The angle of the
first joint of the virtual index finger was determined by subtracting θ3 from Equation (7)
and substituting the y-axis position of the third joint of the index finger. When the virtual
finger was bent, the grasping position shifted in the x-axis. Therefore, the virtual hand
moved in the x-axis direction, such that the position of the virtual fingertip was the same
as that in the x-axis direction when the object was grasped. The equation for the amount of
virtual hand movement is as follows:

dvir_hand_x = pthumb_ini_x − pthumb_tip_x, (8)

where dvir_hand_x denotes the amount of movement of the virtual hand along the x-axis,
pthumb_ini_x denotes the position of the tip of the virtual thumb along the x-axis when
grasping an object, and pthumb_tip_x denotes the position of the tip of the virtual thumb
along the x-axis. However, the position of the tip of the virtual index finger in the x-direction
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differed from that of the thumb tip. Therefore, when the virtual hand moved along the
x-axis, the third joint of the virtual index finger had to move along the x-axis. The equation
for the movement of the virtual index finger is as follows:

dindex_x = pindex_ini_x − pindex_tip_x, (9)

where dindex_x denotes the x-axis movement of the third joint of the virtual index finger,
pindex_ini_x denotes the x-axis position of the virtual index fingertip while grasping an object,
and pindex_tip_x denotes the x-axis position of the virtual index fingertip.

Figure 5. (a) Virtual finger deformation for comparison with the pseudo-haptic condition in Experi-
ment 1. (b) Virtual finger deformation caused by the force applied to the gripper in Experiment 2.
The second joint of the thumb and the third joint of the index finger rotate in the opposite direction of
the applied force.

3.3. Finger Deformation Method in Experiment 2

For the touch-and-plugging judgment experiment, the virtual fingers were deformed
by the force applied to the robot. If all joints were bent in the direction of the force,
the grasping position was significantly shifted. Thus, the second joint of the thumb and
third joint of the index finger were rotated in the direction opposite to that where the force
was applied. The equation for the joint angle is as follows:

θ = θmax ·
frobot

frobot_max
, (10)

where frobot is the force applied to the gripper, and frobot_max is the assumed maximum
force applied to the gripper. The frobot_max and θmax can be set to the force applied when the
user applies the most force and the presumed amount of finger deformation for each user.
In Experiment 2, the frobot_max was set to 40 N, and θmax, to 30 degrees. The second joint of
the index finger was rotated in the same direction as the applied force, and the angle was
determined using Equation (10). The first joints of the virtual thumb and index finger were
bent such that the heights of the virtual fingertip and gripper tip were equal. The equation
for the first joint angle of the virtual thumb is as follows:

θ1 = arcsin (
probot_y − p1_y

l1
)− θ2. (11)

The angle of the first joint of the virtual index finger was determined by subtracting θ3
from Equation (11). To ensure that the x-axis positions of the tips of the virtual finger and
gripper were the same, the virtual hand and third joint of the virtual index finger were
moved in the x-axis direction using Equations (8) and (9).

4. Experiment 1—Weight Comparison Experiment

In Experiment 1, a weight comparison experiment was conducted in a VR space.
Conventional pseudo-haptic feedback and virtual hand deformation conditions were
compared to validate the effectiveness of the proposed method at recognizing different
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forces. In addition, a questionnaire was used to investigate whether the weight was actually
felt, and to what extent the deformation of the virtual hands was required to feel the weight.

4.1. Participants

In total, 10 healthy participants (9 males and 1 female) were recruited as paid volun-
teers to participate in the two experiments. All the participants provided written informed
consent before participating in the experiments. Additionally, all experiments were ap-
proved by the Ethics Committee of Nagoya University.

4.2. Experimental Condition
4.2.1. Task Design

The task was designed based on a two-alternative forced-choice (2AFC) task. Two
objects were placed in the VR space, as shown in Figure 6. The offset produced when the
object is lifted consists of nine steps: 0 mm, 5 mm, 10 mm, 15 mm, 20 mm, 25 mm, 30 mm,
35 mm, and 40 mm. The virtual hand deformation for each offset is shown in Figure 7.
The two objects were called the base and control objects. In the experiment, each weight
comparison was repeated 10 times, with conventional pseudo-haptic feedback and virtual
hand deformation, thus requiring a total of 720 weight comparisons in the conventional
2AFC. Such a large number of trials is a significant burden for the participants. Therefore,
the experiment always began with the control object that was one level heavier than the
base object. If the participant answered correctly, it was assumed that they had correctly
judged the weights of the heavier control objects. For example, if the participants answered
correctly when the offset of the base object was 25 mm and the offset of the control object
was 30 mm, then the weight of the control object with an offset of 35 or 40 mm was also
correct. Thus, the number of trials was significantly reduced. In addition, the option “Both
felt the same weight” was added to reduce the probability of participants choosing a correct
answer by chance.

Figure 6. Experimental environment and participant’s viewpoint for weight comparison experiment.

Figure 7. Appearance of virtual finger deformation for each offset.
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4.2.2. Experimental Setup

The distance between the two objects was 40 cm, and they were identical in terms of
appearance and size. Objects could be lifted by grasping a black bar with the thumb and
index fingers. The width of the black bar was 3.5 cm. When the actual fingers were closed
off, the distance between the tips of the virtual thumb and index finger was the same as
that of the black bar, providing the appearance of grasping the bar. When lifting an object,
the posture of the virtual hand was fixed because the virtual hand postures of different
people would change the appearance of the deformation of the virtual fingers. Additionally,
the position in the z-axis direction was fixed to easily grasp the black bar, and the virtual
hand was manipulated to two degrees of freedom. When the operator released the object,
it immediately returned to its initial position. The offset of the base object ranged from 0 to
35 mm, and that of the control object ranged from 5 to 40 mm. The offsets of the base and
control objects never matched.

4.2.3. Procedure

The participants were instructed to lift the object while looking at the virtual hand
and the object. They were not informed of how to detect differences in weight. Participants
lifted two objects above the blue area (5 cm above the ground) and judged the heavier object.
The participants could lift the objects as many times as they wished. The speed of lifting
was not specified. If the participant answered correctly (heavier object), the weight of the
base object was changed randomly. The weight of the control object was one level higher
than that of the base object. The positions of the two objects were then swapped randomly
between the left and right sides. If the participants answered incorrectly, that is, if they
selected the lighter object or answered that both objects weighed the same, the weight
of the base object did not change, and the weight of the control object was increased in
one step. The positions of the two objects were then randomly swapped between the left
and right sides. If the offset was 40 mm when the control object was lifted, the weight of
the base object was randomly changed, even if the answer was incorrect, and the control
object was made one level heavier than the base object. The participants repeated each
weight (offsets of 0, 5, 10, 15, 20, 25, 30, and 35 mm) of the base object 10 times under the
two conditions of conventional pseudo-haptic and virtual finger deformations (at least
2 × 8 × 10 = 160 times).

After the weight comparison experiment, the participants lifted an object of each
weight and answered the question, “How much weight do you feel in your hand?” on
a seven-point Likert scale (from −3 = do not feel weight to 3 = strongly feel weight).
The weights were then randomly changed.

4.3. Static Analysis

The success rate of the weight comparison between each base object and control object
was averaged for each participant and calculated. To evaluate the proposed method, success
rates were compared under two conditions: conventional pseudo-haptic feedback and
virtual finger deformation. If a score of zero or less was recorded in the questionnaire results,
it was considered as not feeling the weight in the hand. The average of the participants’
questionnaire results was calculated, and the offset at which they began to feel the weight
in their hands was determined by whether it was significantly greater than zero.

4.4. Results

Figure 8 shows the correct answer rates for where the participants accurately rec-
ognized the heavier weight by comparing the weights of the base and control objects.
In addition, Figure 9 shows the results for the question, “How much weight do you feel in
your hand?” on a seven-point Likert scale (from −3 = do not feel weight to 3 = strongly
feel weight). The blue bars show the results with pseudo-haptic feedback, and the red bars
show the results with virtual finger deformation. Error bars show the standard error.
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Figure 8. (a–h): Correct answer rates for where the participants accurately determined the heavier
weight by comparing the weight of each base object and control object. The blue bars show the results
with pseudo-haptic feedback, and the red bars show the results with virtual finger deformation. Error
bars show the standard error. * p < 0.05, ** p < 0.01.

Figure 9. The results of the question, “How much weight do you feel in your hand?” on a seven-point
Likert scale (from −3 = do not feel weight to 3 = strongly feel weight) for each weight. Blue bars
show the results with pseudo-haptic feedback, and red bars show the results with virtual finger
deformation. Error bars show the standard error. * p < 0.05.

As shown in Figure 8, the results of the Wilcoxon signed-rank sum test between pseudo-
haptic feedback and virtual finger deformation show that the latter had a significantly
higher correct answer rate than the former when the base and control object offsets were 5
and 10 mm, respectively (base offset, 5 mm, control offset, 10 mm: z(9) = −2.46, p = 0.014).
In addition, the virtual finger deformation had a significantly higher correct answer rate
than the pseudo-haptic feedback when the base object offset was 10 mm and the control
object offset was 15 mm (base offset, 10 mm; control offset, 15 mm: z(9) = −2.11; p = 0.035).
Virtual finger deformation had a significantly higher correct answer rate than pseudo-haptic
feedback when the base object offset was 15 mm and the control object offset was 20 and
25 mm (base offset, 15 mm; control offset, 20 mm: z(9) = −2.69; p = 0.007; base offset,
15 mm; control offset, 25 mm: z(9) = −2.21; p = 0.027). The virtual finger deformation had a
significantly higher correct answer rate than the pseudo-haptic feedback when the base
and control object offsets were 30 and 40 mm, respectively (base offset, 30 mm; control
offset, 40 mm: z(9) = −2.23; p = 0.026).

As shown in Figure 9, the Wilcoxon signed-rank sum test results between the ques-
tionnaire results for each offset in the pseudo-haptic feedback and zero were significantly
greater than zero when the offset was 30 mm or greater (offset 30 mm: z(9) = 2.76, p = 0.006).
Moreover, the results of the Wilcoxon signed-rank sum test between the questionnaire
results for each offset in the virtual finger deformation and zero were significantly greater
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than zero when the offset was 15 mm or greater (offset, 15 mm: z(9) = 2.11, p = 0.035,
p = 0.035).

4.5. Discussion

The purpose of Experiment 1 was to compare the accuracy of recognizing different
weights using virtual finger deformation compared to using pseudo-haptic feedback. In ad-
dition, the extent of virtual finger deformation required to perceive weight was investigated.
As shown in Figure 8, the correct answer rate was higher for virtual finger deformation
than for the pseudo-haptic feedback in most cases. In addition, weight comparisons of the
base objects with offsets of 5, 10, and 15 mm and the weights for each control offset showed
that the virtual hand accurately detected significantly different offsets of 5 and 10 mm,
unlike the pseudo-haptic feedback. This is because the visual information used to compare
the weights was increased by virtual finger deformation. Furthermore, the participants
recognized the difference in weight by observing the amount of deformation of the virtual
fingers, regardless of the speed at which they lifted the object. In this study, the weight was
varied by varying the offset value. The larger the offset, the longer the slow movement
time of the virtual hand, and the heavier the operator. Therefore, pseudo-haptic feedback
did not accurately detect differences in weight, unless the lifting speed was constant. When
the difference in offset was small, recognizing the difference in the offset was difficult.
By contrast, virtual finger deformation enabled the accurate recognition of differences in
weight through the amount of deformation of the virtual fingers, regardless of the lifting
speed. Thus, a significantly higher rate of correct answers was considered in the virtual
finger deformation condition when the difference in weight was small.

When the base object offset was 30 mm and the control object offset was 40 mm,
the virtual finger deformation was significantly more accurate than the pseudo-haptic
feedback. However, when the weights with base object offsets of 0, 20, 25, 30, and 35 mm
and each control object offset were compared, there was no significant difference between
the pseudo-haptic feedback and virtual finger deformation. This is because when the base
offset is small, it is easy to notice the difference in the weights. However, when the base
offset is large, it is difficult to observe differences in weights. According to Weber–Fechner’s
law, psychological perception (weight) is nonlinear, even if the stimulus strength (offset)
varies linearly [32]. Thus, even when the base offset was 0 mm and the difference in the
offset was small (5 and 10 mm), the difference in weight was easily recognized under both
the pseudo-haptic feedback and virtual finger deformation conditions, and there was no
significant difference in the success rate. In addition, when the base offsets were 20, 25, 30,
or 35 mm and the difference in offset was 5 mm, it was difficult to recognize the difference
in weight for both the pseudo-haptic feedback and virtual finger deformation conditions,
and there was no significant difference in the correct answer rate.

The results of the questionnaire on whether the participants felt the weight in their
own hand showed that in conventional pseudo-haptic feedback, the participants began
to feel the weight when the offset was 30 mm. In contrast, the participants began to feel
the weight when the offset was 15 mm, owing to the virtual finger deformation. Thus,
the virtual finger deformation allowed the participants to feel the weight at an offset of
15 mm less than the pseudo-haptic feedback. When participants were interviewed about
virtual finger deformation after the experiment, seven out of ten participants said that they
felt as if their fingers were actually bent. Therefore, the participants felt that they could
easily perceive the weight because of the illusion that their fingers were bent. However,
when the virtual fingers were bent by as much as 40 mm, a few participants felt discomfort
and felt that their fingers were not bent. When they perceived that the virtual hand was
different from their own hand, their sense of ownership of the virtual hand decreased, and
they felt that their own hand was not deformed. Therefore, it is necessary to investigate
the acceptable extent of finger deformation in terms of sense of ownership and perceived
weight. In addition, some participants responded that finger bending corresponded to
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lifting a heavy object. It is believed that the bending of their fingers gave them an image of
the weight, which made them feel the weight more easily.

In teleoperation, a large gap between the position of the operator’s hand and that of the
robotic hand (offset) reduces operability and causes discomfort. Virtual finger deformation
can cause the operator to feel weight while reducing the offset from the conventional
pseudo-haptic feedback. Thus, virtual finger deformation is considered a very effective
method for making the operator feel weight visually during teleoperation.

5. Experiment 2—Touch-and-Plugging Judgment Experiment

Experiment 2 was conducted to confirm whether touch and force can be intuitively
recognized by virtual finger deformation. Three conditions were compared: no feedback,
visual force feedback from the virtual finger deformation, and force feedback using a
force-feedback device.

5.1. Experimental Condition
5.1.1. Task Design

The experimental environment was designed for plugging into a power strip. In the
plugging task, the tip of the plug is often obscured by the hand or the power strip, making
it difficult to confirm whether the plug is in contact with or fully inserted into the power
strip without force feedback. Therefore, the plugging task was conducted to determine
force-feedback influence on the recognition of touch and the magnitude of force applied.

5.1.2. Experimental Setup

The experimental environment for the no-feedback and visual-force-feedback con-
ditions is shown in Figure 6, and the experimental environment for the force-feedback
condition and the operator’s perspective is shown in Figure 10. The width of the plug
was 3.5 cm. The UR on the left side was positioned to hold the power strip such that
the plug could be removed using the right hand. The operator’s head was positioned
such that the touch point between the plug and power strip was not visible. Rendering
the touch point invisible prevented the recognition of touch and force, regardless of force
feedback. The posture of the robotic hand was fixed, and the participants could manipulate
the robotic hand with only one degree of freedom in a direction perpendicular to the power
strip. An Omega 7 haptic device with seven DOFs (six DOFs plus a gripper) was used
to return the force directly to the participants, as shown in Figure 10. The force values
were obtained using the force sensor integrated into the UR5e, and a damping factor was
included to stabilize the force feedback. The maximum force feedback was 4 N.

Figure 10. Experimental environment for force feedback condition and operator’s viewpoints in the
no-feedback, force-feedback, and visual-force-feedback conditions. (a) Participant lifting the plug to
the height of the arrow before starting the experiment and after pressing the Enter key. (b) Participants
move the plug closer to the power strip at a constant speed and press the Enter key when they feel
the tip of the plug touching or being inserted into the power strip.
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5.1.3. Procedure

The participants manipulated the robotic hand using their right hand to pull the plug
out of the power strip and raise it to the height of the arrow (6 cm above the power strip)
displayed on the HMD. In the touch judgment experiment, the researcher shifted the power
strip so that the plug did not align with the hole in the power strip when lowered. In the
plugging judgment experiment, the experimenter adjusted the position of the power strip
such that the plug aligned with the hole in the power strip when the plug was lowered.
To ensure that the speed of inserting the plug into the power tap was consistent across
participants, they practiced for 5 min to operate the plug at the same speed (3.0 cm/s)
as the arrow moving toward the power tap at a constant speed displayed on the HMD.
The operators lowered the plug and pressed the “Enter” key with their left hand the
moment they felt that the plug had made contact with the power tap (inserted deeply into
the tap). Participants repeated the three conditions (no feedback, visual force feedback,
and force feedback) ten times each in two experiments (touch-and-plugging judgment
tasks) for a total of 60 trials (3 × 2 × 10 = 60). To confirm whether the participants were
able to intuitively recognize the touch, the time required to recognize that the plug touched
the power strip was measured. Additionally, to confirm whether the participants could
intuitively recognize that the force necessary to insert the plug was applied, the time
required to recognize that the plug was inserted deeply into the power strip was measured.

5.2. Statistical Analyses

The time between Unity acquiring the value of the force applied to the robotic hand and
the participant pressing the “Enter” key was recorded. The data used for each participant
were the average of the values acquired over ten trials. Additionally, the time taken for
Unity to acquire the force and for the video of the plug touching the power strip to reach
the participant was less than 4.2 ms. Furthermore, the time taken for Unity to acquire and
send the force to Omega was less than 10 ms. The same ten participants from Experiment
1 were used, with data obtained from nine. One participant was excluded because they
performed the experiment using a visible touch point.

5.3. Results

Figure 11a shows the time taken to recognize that the plug touched the power strip
under three conditions: no feedback, visual force feedback, and force feedback. Figure 11b
shows the time required to recognize that the plug was inserted deeply into the power strip
under each condition. The red boxes indicate the results under the no-feedback condition,
the yellow boxes indicate the results for the visual-force-feedback condition, and the green
boxes indicate the results for the force-feedback condition.

As shown in Figure 11a, the results of the touch judgment experiment indicate that
contact was recognized 24.7 % faster with visual force feedback than with no feedback,
and 24.2 % faster with force feedback than with no feedback. In addition, the Bonferroni
correction among the three conditions revealed that the time required to recognize the
touch was significantly shorter for visual force feedback than for no feedback (no feedback
vs. visual force feedback: p = 0.037). No significant differences were observed between the
other conditions (no feedback vs. force feedback, p = 0.63; visual force feedback vs. force
feedback, p = 0.63).

As shown in Figure 11b, the results of the insertion judgment experiment showed that
the time required to recognize that the plug was inserted was 23.6% shorter with visual
force feedback than with no feedback, and 8.92% shorter with force feedback than with no
feedback. Furthermore, Bonferroni correction among the three conditions showed that no
significant differences were found among the three conditions (no feedback vs. visual force
feedback: p = 0.18; no feedback vs. force feedback: p = 1.00; visual force feedback vs. force
feedback: p = 0.30).
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Figure 11. (a) Time taken to recognize that the plug touched the power strip in each condition.
(b) Time taken to recognize that the plug was stuck deep into the power strip under each condition.
The red boxes indicate the results for the no-feedback condition. The yellow boxes show the results
for the visual-force-feedback condition. The green boxes show the results for the force-feedback
condition. The red dots show average values. * p < 0.05.

5.4. Discussion

The purpose of Experiment 2 was to determine whether contact and force could be
recognized intuitively through virtual hand deformation. The results of the touch judgment
experiment show that the time taken to judge touch was significantly shorter in the visual-
force-feedback condition than in the no-feedback condition. There was no significant
difference between the force feedback and visual-force-feedback conditions. Therefore,
the results confirm that virtual finger deformation enabled the recognition of touch as
fast as, or faster than, when a force device was used. A prior study reported that the
response speed to visual stimuli was slower than tactile stimuli [33]. However, the results
of this experiment show that the reaction speeds to visual stimuli from the deformation
of the virtual finger and the force presentation by force feedback were similar. The results
suggest that the reaction time from virtual finger deformation was similar to that from the
tactile stimulus due to the illusion of actual tactile sensation in the hand caused by virtual
finger deformation. Some participants in Experiment 1 also felt that their fingers were bent,
suggesting that they experienced tactile sensations owing to the virtual finger deformation.
However, the reaction speed to stimulation by force presentation may have been slower
than to tactile stimulation. Thus, it is necessary to confirm the importance of virtual finger
deformation by investigating the reaction speed when the virtual finger of another person
is bent. Additionally, it is necessary to investigate whether the reaction speed for force
presentation is slower than for tactile presentation.

The results of the plugging judgment experiment show that the time required to judge
plugging tended to be shorter when the virtual finger was deformed than when there was
no feedback. However, no significant differences were observed among these conditions.
This is because, unlike the case of touch judgment, the criteria for judging whether a
plug was inserted differed for each participant. Participants judged touch based on the
deformation of their virtual fingers or the perception of force in their hands. However,
when judging plugging by virtual finger deformation, some participants continued to lower
their hands even after the maximum deformation of the virtual finger and only judged
that they could plug in when they felt that the virtual finger would not deform any further.
Other participants felt that they could plug in when the virtual finger was deformed.
Similarly, in the force-feedback condition, some participants felt that they could insert the
plug the moment they felt the force, whereas others felt they could insert the plug after
confirming that the force had returned. Therefore, visual or direct force feedback did not
produce a significant difference compared with the no-feedback condition. The behavior of
participants who continued to lower their hands after the maximum deformation of the
virtual fingers indicated that they were unable to recognize the degree of force required to
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insert the plug based on the virtual finger deformation. Therefore, it is necessary to increase
the amount of information that informs the operator when the virtual finger deformation
has reached its maximum value. For example, when the virtual finger is deformed to the
maximum, methods such as changing the color of the virtual finger or vibrating it can
be used.

6. Conclusions and Discussion
6.1. Conclusions

This study confirmed that visual force feedback via virtual hand deformation enhances
the accuracy of force perception and the transparency of teleoperation when compared to
conventional pseudo-haptic feedback. Furthermore, this method proved to be as effective
as physical force-feedback devices. The interface displays virtual hands superimposed over
the robot’s hands in camera images and deforms these virtual hands in response to the
force applied to the robot, creating the illusion of operator’s hand deformation.

The weight comparison experiment demonstrated that small weight differences were
significantly more discernible with virtual finger deformations than with pseudo-haptic
feedback. It was also observed that participants perceived weight with an offset as small as
15 mm, which is 15 mm less than that required by conventional pseudo-haptic feedback. The
touch-and-plugging judgment experiments showed that contact was detected significantly
faster with virtual hand deformation compared to no feedback, and nearly as quickly as
with a force-feedback device. However, no significant difference was noted in the speed of
detecting that a plug was inserted between the no-feedback condition and the virtual hand
deformation condition.

These findings indicate that the proposed interface enhances the transparency of
teleoperation by minimizing the spatial mismatch between the robot’s and operator’s hands
for force detection. Moreover, the interface addresses the challenge of contact judgment
faced by conventional pseudo-haptic feedback, providing the operator with greater force
sensitivity. However, additional improvements are needed to facilitate intuitive force
recognition, as the current interface did not effectively convey the force needed to insert
a plug. By addressing this limitation, the proposed interface could significantly improve
visual force detection during teleoperation, making it a highly effective tool.

6.2. Discussion

Three key issues have been identified in conventional pseudo-tactile feedback, which
the proposed method aims to address. First, the transparency of teleoperation is typically
compromised by the displacement (offset) between the operator’s and the robot’s hands,
which is necessary to generate pseudo-haptic feedback. The proposed method minimizes
this offset, especially during larger movements, maintaining transparency. Although our
method also involves an offset, perceiving the operator’s hand as deformed effectively
eliminates this offset, potentially preserving the transparency of teleoperation. This aspect
of the interface could be further analyzed by assessing whether operators maintain a sense
of proprioception at the deformed virtual fingertip. Second, conventional methods often
delay the detection of contact. The proposed method facilitates the recognition of contact
as swiftly as a force-feedback device. Previous research indicates that tactile sensations are
generally quicker than visual responses in reacting to force. Therefore, the effectiveness of
the proposed interface can be better understood by identifying the mechanism leading to
faster contact perception. Third, intuitively recognizing force remains challenging. Our
method enhances force sensitivity beyond that of conventional pseudo-haptic feedback,
allowing for more precise force adjustments. However, accurately assessing the force
necessary to engage actions such as plugging in a plug remains problematic. Developing a
system to calibrate the virtual hand’s deformation for each operator could improve the accu-
racy of force magnitude recognition. Overall, this interface offers enhanced transparency in
teleoperation and greater force sensitivity compared to traditional pseudo-haptic feedback,
achieving performance on par with force-feedback devices. Therefore, the interface signifi-
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cantly enhances teleoperation task performance without physical constraints, warranting
further research into its development and refinement.

6.2.1. Applications of This Interface

The proposed interface enhances the operability of tasks that require force sensation.
In this study, the task of inserting a plug was assumed. Without force sensation, the operator
cannot detect whether the plug has made contact with the power strip. Additionally, there
is no sensation of the plug being inserted into the hole of the power strip, making it difficult
for the operator to determine whether the plug has been fully inserted, which requires
additional time for confirmation and reduces work efficiency. Therefore, this interface
can improve work efficiency by providing force sensation. Furthermore, it improves the
quality of the teleoperation experience by presenting force sensation. Thus, this interface
contributes to the development of teleoperation robots by enhancing their operability and
supporting social participation.

6.2.2. Future Works

A limitation of this interface is that if the robotic hand is not visible to the camera, it is
difficult to visually present the force sensation. If the robotic hand is hidden by a wall or
other objects, a force sensation can be conveyed by displaying a silhouette of the virtual
hand on the wall or other surfaces. However, if the robotic hand is outside the camera’s
field of view, the force sensation cannot be visually presented. Therefore, it is necessary to
investigate methods for presenting virtual hand deformation, even when the robotic hand
is outside the camera’s field of view.

We believe that equipping the follower robot with a tactile sensor would significantly
enhance the force-feedback capabilities of the interface in two key ways. First, tactile sensors
enable the detection of slippage in a grasped object, allowing for the implementation of
a system that alerts the operator to changes in force when the grasp slips. By visually
signaling shifts in the position of the grasped object due to slippage or external forces,
operators can manipulate objects with greater sensitivity. This capability ensures that
operators can perceive slippage as a tangible force, preventing the object from slipping
further and enabling the adjustment of gripping force to the minimum necessary to lift soft
objects without crushing them. Second, the integration of tactile sensors permits the robot
to ascertain the shape of the object it grasps. This functionality allows for the deformation
of the virtual finger to accurately mirror the shape of the grasped object. For instance,
without tactile sensing, when grasping a conical object, the virtual representation might
inaccurately depict the finger as either buried in or detached from the object. Tactile sensors
rectify this issue by providing precise shape data, facilitating more realistic and accurate
representations of the virtual fingers.

In this study, force in one direction was demonstrated using virtual finger deformation.
Therefore, methods are required to present forces in additional directions when interacting
with objects using this virtual deformation technique. Moreover, the virtual fingers in this
study were deformed by picking up an object with only two fingers. It is necessary to
explore methods that allow the virtual hand to convey an intuitive feel of the force sensation
in the operator’s hand for different grasping methods. For example, it is necessary to
consider whether the amount of deformation should be reduced when grasping an object
with three or more fingers compared to two, or whether it would be beneficial to deform
not only the fingers but also the wrist when the operator grips a large object. By further
investigating these methods, the limitations of virtual finger deformation can be addressed.
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