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Abstract: Kinesthetic interaction is an important interaction method for virtual reality. Current
kinesthetic interaction using a grounded force-feedback device, however, is still considered difficult
and time-consuming because of the interaction difficulty in a three-dimensional space. Velocity-
oriented dynamic control-display (CD) gain has been used to improve user task performance with
pointing devices, such as the mouse. In this study, we extended the application of this technique to
kinesthetic interaction and examined its effects on interaction speed, positioning accuracy and touch
perception. The results showed that using this technique could improve interaction speed without
affecting positioning accuracy in kinesthetic interaction. Velocity-oriented dynamic CD gain could
negatively affect touch perception in softness while using large gains. However, it is promising and
particularly suitable for kinesthetic tasks that do not require high accuracy in touch perception.

Keywords: kinesthetic interaction; velocity-oriented dynamic control-display gain; force-feedback device;
2D display

1. Introduction

Kinesthetic interaction, as a form of human—computer interaction (HCI), can be essen-
tial in increasing the level of immersion in virtual reality (VR). It is a three-dimensional
(3D) interaction focusing on applying force feedback to provide users with motion sen-
sations in muscles, tendons and joints [1]. Unlike vibrotactile feedback, which can be
provided by using simple actuators, providing force feedback to the user in VR requires
sophisticated kinesthetic devices. Current hand-based kinesthetic devices mainly include
wearable haptic gloves (e.g., HaptX gloves [2]) and grounded force-feedback devices
(e.g., Geomagic Touch devices [3] and Force Dimension Omega devices [4]). Wearable
haptic gloves are still relatively new and mostly under development and grounded force-
feedback devices are currently the most popular kinesthetic devices. These devices normally
have a mechanical arm that allows the user to hold and perform natural hand touch be-
havior and generate high-resolution force with three or six degrees of freedom, providing
a reliable desktop kinesthetic interface [5]. During the interaction, the grounded force-
feedback device is used as the input tool to control the haptic interaction point (HIP) on
a 2D screen or in a VR environment for haptically exploring virtual objects. Kinesthetic
interaction with a force-feedback device has been widely used in many professional fields,
such as industrial manufacturing [6] and medicine [7]. In particular, in medicine, force
feedback from the device has been demonstrated to be beneficial for various medical
practices, such as anatomy education [8], robot-assisted surgery [9], medical diagnosis
and planning [10]. Although kinesthetic interaction has a wide range of applications, it is
still considered difficult and time-consuming compared to 2D interaction techniques. For
example, in medical diagnosis and planning, a medical landmarking study showed that,
compared to the traditional 2D interface that uses a mouse, kinesthetic interaction using a
force-feedback device led to longer task completion time and lower task accuracy [11]. It is,
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therefore, necessary to explore new interaction techniques to improve user performance
while using such kinesthetic devices.

In HCI, user performance in interaction highly depends on the control of the input
device. For example, current 2D interfaces mainly rely on a pointing device, such as the
mouse to control the cursor on the 2D screen for different computer tasks. User control
over the cursor directly influences the follow-up operations, such as selection and dragging,
and thus the overall quality of interaction. To improve interaction efficiency, a common
method is to increase the control-display (CD) gain. CD gain determines the proportion of
the translation and rotation of the input device to the ones of the display pointer [12,13].
By applying a large CD gain, a small motion of the input device would be scaled into a
large motion of the onscreen cursor. Therefore, this technique has been widely used to
increase the cursor speed for improving pointing efficiency. However, using large constant
CD gains often suffers from the issue of low pointing precision [12]. To address this issue,
various interaction techniques based on dynamic CD gain have been developed. The most
popular one is the velocity-oriented dynamic CD gain. This technique dynamically adjusts
the gain between the input device and the display pointer, depending on the velocity of
the user’s hand movement, that is, when the velocity of the hand movement is high, CD
gain is high and vice versa. Therefore, this technique has the potential to increase the
interaction speed and simultaneously maintain the pointing precision. Many techniques
have been developed based on the velocity-oriented dynamic CD gain. For example, Pointer
Acceleration used in Microsoft Windows OS and Apple Mac OS is a popular technique
using the velocity-oriented dynamic CD gain to improve interaction efficiency with the
mouse [14]. Other similar techniques include, for example, PRISM proposed by Frees and
Kessler [15] and Adaptive pointing proposed by Konig et al. [16]. Both techniques were
developed to address the imprecision of the user interaction in virtual environments by
dynamically adjusting the gain in a range (0 to 1) based on hand speed.

CD gain is also important for kinesthetic interaction with force-feedback devices.
These devices measure their absolute position in 3D space and have a limited workspace
based on the length of their arms [3,4]. We need to clutch the device to reposition the HIP
when the explored objects are out of its workspace. To avoid such a clutching process,
a large constant CD gain is often used to increase the workspace size. Similarly, large
CD gains could also increase interaction speed but at the cost of task accuracy [17]. Al-
though dynamic CD gains have been studied for years to improve the interaction with
pointing devices, such as mouse [12,13], there are no studies to explore the feasibility of
using this technique in kinesthetic interaction and to examine its effects on user perfor-
mance in kinesthetic tasks. Furthermore, previous studies with pointing devices have
found that different gains would lead to different user performance, such as different task
completion times. High gains might lead to longer task completion times (e.g., [18,19]).
Therefore, it is necessary to investigate the effects of dynamic CD gains with different
gains on user performance in kinesthetic interaction. More importantly, in kinesthetic
interaction, dynamic CD gains would influence the HIP movement when performing touch
behaviors. It remains unknown how dynamic CD gains affect users’ touch perception, for
example, softness perception, which is a critical sensation for professional applications,
such as medicine.

In this study, we proposed and examined the technique of velocity-oriented dynamic
CD gain for kinesthetic interaction using a typical force-feedback device. We adopted the
same principle that dynamically changes the gain based on the velocity of hand movement
but adjusted the key parameters, that is, the maximum and minimum gains, to make them
suitable for kinesthetic interaction. In the experiment, there were two kinesthetic tasks.
The first task was to examine interaction speed and positioning accuracy by asking the
participants to touch multiple virtual objects with different spatial positions. The second
task was a softness discrimination task that required participants to compare two soft
tissues and select the harder one. The purpose was to investigate the effects of dynamic CD
gains on users’ touch perception. A total of 24 participants were recruited from the local
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university community. To evaluate this CD gain technique, we collected both objective
and subjective data. Objective data include task completion time and positioning accuracy
(the first task), as well as the number of errors in softness discrimination (the second task).
We also collected the participants” comments and opinions as subjective data through a
post-test interview.

The study focused on the following research question:

How does the velocity-oriented dynamic CD gain affect user performance in kinesthetic
interaction, in terms of interaction speed, positioning accuracy and touch perception?

This study makes the following contributions: we demonstrated the feasibility of using the
velocity-oriented dynamic CD gain for kinesthetic interaction. When using this technique,
the interaction speed could improve approximately 20% and simultaneously it might not
affect positioning accuracy for kinesthetic interaction. Furthermore, the study experimen-
tally demonstrated the negative effect of dynamic CD gains on human touch perception.
To the best of the researchers” knowledge, this is the first study in this research area and
provides empirical basis for future studies.

The paper is organized as follows. We first provide background for the study and
introduce the methodology. The experiment and the results are presented next. Finally, we
discuss the experiment results and conclude with the main findings of the study.

2. Background
2.1. Professional Applications and Challenges of Kinesthetic Interaction

Kinesthetic interaction is a popular interaction method in many professional fields. For
example, in industrial manufacturing, Read et al. [6] developed a sketch-based modelling
VR system for industrial use with a grounded force-feedback device as the interaction
tool. This system can conduct concurrent design for virtual assembly and machining,
which could decrease the time taken for the design process, reduce the cost and lead to
a better design solution. Similarly, Teklemariam and Das [20] conducted a study that
used a force-feedback device in virtual product design. It demonstrated the advantages
of force feedback in product development and evaluation. In medicine, kinesthetic inter-
action system has been used in various palpation simulations [21]. It has also been used
for anatomy education to address the students’ psychological issues, such as fear and
anxiety [8]. Furthermore, kinesthetic interaction is important for robot-assisted surgery.
Force feedback from the kinesthetic devices has been demonstrated to be beneficial to
improve the surgeon’s control over the robotic system and reduce operational errors [9,22].
In addition, kinesthetic interaction has been demonstrated to be helpful in medical land-
marking for diagnosis and planning [10,23].

Current kinesthetic interaction, however, is still considered to be time-consuming
and difficult because of the difficulty of 3D interaction. Although 3D interaction has been
considered as a potentially powerful interaction method for computer tasks, especially
3D manipulation tasks [24,25], it suffers from the issue of lower efficiency. For example,
previous research compared a kinesthetic VR system that used a force-feedback device
with the traditional 2D interface that used a mouse in a medical landmarking task with
medical 3D models. The kinesthetic VR system was considered inefficient and difficult
to use by medical professionals [11]. Another example is a study of controlling mining
software in the VR environment. The researchers compared a 3D interaction method that
used a VR controller with the mouse-based 2D interaction method. The study showed that
the 2D interaction method was more efficient and easier to use [26]. With the increase in
applications of kinesthetic interaction in professional fields, developing new techniques to
improve kinesthetic interaction becomes important. The present study contributed to this
line of research by using the technique of velocity-oriented dynamic CD gain to improve
user performance in kinesthetic interaction.
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2.2. CD Gain Techniques in Human—Computer Interaction

CD gain is an important technique in HCI, which could increase the movement speed
of the interaction point and thus has potential to improve interaction efficiency. However, its
effects on user performance are different in different studies. For instance, for a mouse task,
one study found that when increasing the gain in a range from 1 to 3, the task completion
time was decreased [27]. Another study [18] showed a different result. When the gain of
the mouse was increased from 1 to 2, the task completion time was decreased. However,
when further increasing the gain from 2 to 32, the task completion time had no difference
at first and then began to increase. This result showed a U-shaped relationship between
the increasing gain and the task completion time. Other studies have also observed such a
U-shaped relationship, such as interaction with a head-controlled pointer [19], interaction
tasks on a 2D monitor using a graphics tablet [28] and interaction with small touch screen
interfaces [29]. All the above studies were based on constant CD gains.

Dynamic CD gain is an interaction technique that dynamically changes the gain value
based on the requirement of the interaction. One of the early interaction techniques based
on the dynamic CD gain is the go—go technique [30]. It non-linearly mapped the user’s
hand movement with the virtual hand when the target was out of reach and thus allowed
the user to stretch the virtual arm to reach distant objects. Currently, the techniques of
dynamic CD gain mainly rely on the movement speed of the user’s hand. The principle is
that when the users want to traverse a great distance in a virtual environment, they will
increase the hand movement speed and then the system will increase the CD gain. When
the interaction point is close to the target, they will slow the hand movement for precise
control, and the CD gain will be decreased. Therefore, using the velocity-oriented CD
technique has the potential to improve interaction efficiency overall. Pointer acceleration
is a popular mouse-based technique based on the velocity-oriented dynamic CD gain.
This technique can largely improve interaction speed compared to using the constant gain.
However, it still suffers from the issue of pointing accuracy [14].

There are also techniques based on the velocity-oriented dynamic CD gain to address
the issue of pointing accuracy for handheld and pointing devices, such as the PRISM
technique [15] and Adaptive pointing [16]. In PRISM, the maximum gain was set at 1. The
gain was decreased following the decreasing hand movement speed. When the user’s
hand movements were below a minimum speed, they were considered as noise and thus
ignored. Using the PRISM technique could cause an offset between the positions of the
input device and the virtual device because of the mismatch of their movements. This
technique increased the CD gain (above 1) when the hand movement exceeded a maximum
speed to make the virtual device move relatively faster to recover the offset. Adaptive
pointing adopted a similar design principle to improve the interaction with absolute input
devices but performed more smoothly for pointing behaviors and recovering the offset.
The results showed that both techniques successfully improve pointing accuracy.

Dynamic CD gains have been well studied in various interaction scenarios with point-
ing devices for years. This study attempted to use the velocity-oriented dynamic CD gain
to improve kinesthetic interaction. Simultaneously, kinesthetic interaction provides force
feedback to the users and allows them to feel touch feeling for virtual objects. Therefore,
we also examined the effect of this technique on human touch perception.

3. Method
3.1. Velocity-Oriented Dynamic CD Gain for Kinesthetic Interaction

When using a force-feedback device for kinesthetic interaction in a virtual environment,
we commonly adopt the unit CD gain (=1), that is, a 1 cm physical movement of the
mechanical arm resulting in a 1 cm movement of the HIP, along the x-, y- and z-axes.
This ensures that the user has a sufficient workspace (smaller gains would make the
device workspace too small and thus difficult to use) and a good control over the HIP [17].
Therefore, we used the unit CD gain as the minimum CD gain (MinG) with a predefined
minimal velocity threshold (i.e., MinV = 0.05 m/s) for the dynamic CD gain. The minimum
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gain was applied when the hand movement speed was at and below this minimal velocity
threshold. We did not set a “still” phase for the force-feedback device as in the PRISM
technique (i.e., set the minimum gain at 0). This was because of the sensitivity of the
force-feedback device, which is already filtering out unwanted movement noise. Following
the increasing speed of hand movement, the gain was linearly increased until the hand
movement speed reaches the maximum velocity threshold (i.e., MaxV = 0.25 m/s). Then,
the maximum gain (MaxG) was applied, even after hand speed exceeded the maximum
velocity threshold. In this study, the maximum gain value is varied as an independent
variable in the experiment. The interaction mode of velocity-oriented dynamic CD gain is
shown in Figure 1.

Gain
A

MaxG

MinG =1 et e

0 MinV MaxV Hand
Velocity

Figure 1. Interaction mode of velocity-oriented dynamic CD gain for kinesthetic interaction with a
force-feedback device.

When using the techniques of PRISM and Adaptive pointing, the offset issue between
the positions of the input device and the virtual device was a challenge. Similarly, in
kinesthetic interaction, the HIP could be moved out of the explored virtual space because
of large gains and then may not be moved back to the original position while using a slow
hand speed. This causes an offset between the physical workspace of the force-feedback
device and the explored virtual place. We used a simple method to address this issue:
establishing an exploration boundary in the virtual environment. First, the exploring
virtual space (30 x 18 x 18 cm) with the space center point (x, y, z = 0) was set to match the
workspace of the force-feedback device with the gain equal to the minimum gain 1 (the
maximum workspace size of the used device could reach 35.5 x 22.8 x 18 cm, according
to the official specification [3]), which allowed the HIP to reach any position in the space
with slow hand speed. To avoid the HIP moving out of the explored virtual space, we set
a boundary for the HIP movement based on the required virtual space. When the HIP
moved to the edge of the virtual space, it stopped moving, like the mouse pointer that
stops at the boundary of 2D display when we move it out of the display area. In this case,
if the HIP was moving fast because of the variable larger gain applied, it would stop at the
boundary while the hand was still moving. This process would recover the offset caused
by the variable gain. In addition, by establishing this boundary, the user could manually
move the HIP to the boundary to match the device workspace with the explored virtual
place if necessary.

3.2. Experiment Design

We designed a controlled laboratory experiment that followed a within-subject design.
To examine how the different maximum gains of velocity-oriented dynamic CD gain
affect kinesthetic interaction, we set six levels for the maximum CD gain (MaxG: 1, 1.5,
2,2.5, 3 and 3.5) as the experimental conditions. Among them, the unit gain value (i.e.,
MaxG = 1) was used as the baseline for the experiment. In this case, the maximum gain
equaled the minimum gain, which made the dynamic gain system behave as the constant
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unit gain. This baseline could help explore how the velocity-oriented dynamic CD gain
affects user task performance.

There were two kinesthetic tasks in the experiment, which are shown in the right hand
side images of Figure 2. The first task was to explore how dynamic CD gains influenced
the interaction speed and positioning accuracy. It required the participants to touch four
objects (square shape with the side length 4.5 cm without considering thickness) in the
clockwise order (the upper left one was the first one). During the task, they were asked
to touch the center part of each object, and each object could be only touched once. In
other words, they could not go back to touch the previous one again. All objects were hard
objects, and their stiffness was predefined by setting the coefficient k (=0.1) with the linear
spring law (F = kx). Thus, there was no deformation while the user was touching the
objects. The system recorded the touch position on each object and the time from touching
the first object to touching the fourth one. After touching the fourth object, participants
pressed the right arrow key on a keyboard to move to the next trial with another group of
four objects. The positions of four objects were changed for each trial. For each gain, there
were six trials, and thus six groups of spatial position values were predefined. Each trial
randomly selected one group with four position values for the four virtual objects, and
the selected group was removed after each selection. In total, each participant completed
36 trials (6 gains X 6 trials each gain = 36 trials).

Experiment Environment Second Task

Figure 2. Experiment environment with two kinesthetic tasks shown on the display screen, and the
left image of the first task is an example of the easy-to-reach task and the right one is an example of
the difficult-to-reach task.

As shown in the pointing tasks with Fitts’s law, user performance, such as interaction
speed, might be influenced by different movement distances and the sizes of targets. We did
not directly use the Fitts’s law type of experiment because it is mainly used for measuring
interaction speed. In this study, the participants were asked to aim at and touch the center
part of the object to collect positioning accuracy data, and thus the target of touching was
a point (the center point of the object) instead of the whole square. In addition, while
touching, the participants would likely stay for a short time on the touched object to feel
the force feedback. These would influence the results while directly using the Fitts’s law
type of experiment.

In this study, we varied the spatial positions for each position group to categorize six
groups into two levels of reach difficulty as an independent variable for the experiment,
that is, easy to reach and difficult to reach (see Figure 2 for the images and Table 1 for the
values). We did not directly vary the actual size of objects as a variable because the changed
spatial positions of objects along z-axis influenced their visual sizes, and thus changing
both real sizes of objects and their depth positions might complicate the variables of the
experiment. For simplicity, we only varied the positions of objects along x-, - and z-axes as
the variables for this experimental task. The position values of four objects were selected
arbitrarily but their positions formed a circle from the perspective of the user. Three groups
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of position values that made four objects be far away from each other (along x-, y- and
z-axes) were the difficult-to-reach groups. Other three groups of position values that made
four objects close to each other were the easy-to-reach groups.

Table 1. Values for the parameters in the two experimental tasks.

The First Task The Second Task

Position Values (x, y, 2) Levels Softness Parameter (k) Levels

(0.08, 0.06, 0.06), (0.08, —0.06, 0.04) k1 = 0.0585, k, = 0.0405 Easy to perceive
(—0.08, 0.06, 0.04), (—0.08, —0.06, 0.06) Ak =0.018 ytop

(0.1,0.08, 0.04), (0.1, —0.08, 0.06)

Easy to reach

k1 =0.057, kp = 0.042

Easy to reach Easy to perceive

(—0.1, 0.08, 0.06), (—0.1, —0.08, 0.04) Ak =0.015

(01,014,008 (012, 01008 Basy torech R Fasy o percive
(O35 012 0y (0t 0oty | Diffeultioreach T Diffcl o perceive
(017 01k 00y (017, 0dhody  Diffeltioreach e Diffclt o perceive
(015,016,009, (015, 0600 Dificultoreach e Diffcul to perceive

The second task was to examine the effect of dynamic CD gains on touch perception.
Softness discrimination was selected as the experimental task because of two reasons. First,
softness is one of the important properties of physical objects and softness perception is
important for kinesthetic interaction in professional applications, such as medical education
and training. Second, soft perception may be more likely affected by this CD gain technique
because it highly relies on the user’s hand movement during touching. The participants
were asked to compare two soft tissues by touching them and then to select the harder
one by pressing arrow keys on a keyboard (i.e., select left tissue by pressing the left arrow
key and vice versa). The answers were recorded in the system. After that, a new trial was
shown with another group of two tissues. For each trial, the positions of two tissues were
unchanged, but they had different softness degrees. We manipulated the softness degrees
by changing the stiffness coefficient k. For each gain, there were 12 softness discrimination
tasks. Thus, each participant completed 72 trials (6 gains x 12 trials for each gain = 72 trials)
in total. Like the first task, we predefined 12 groups of softness parameter values (i.e., k1, k»)
and categorized them into two levels of perception difficulty, that is, easy to perceive and
difficult to perceive (see Table 1 for the values, and switch k; and k; for another six trials).
This independent variable could help to further explore how the dynamic CD gains affect
touch perception. For each gain, each trial randomly selected one group with two softness
parameter values for the two tissues, and the selected group would be removed after the
selection. In addition, no visual deformation occurred when the user was touching the
objects as visual feedback might influence kinesthetic perception (i.e., pseudo-haptic [31,32])
and users’ task performance.

After the two experimental tasks, we interviewed the participants to understand their
subjective feelings about the used velocity-oriented dynamic CD gain. The major comments
were recorded in a post-test questionnaire.

3.3. Pilot Study

Before the experiment, we conducted a pilot study with four participants who had
experience in using grounded force-feedback devices. The purpose was to identify the
proper parameter values for the experimental system.

e The minimal and maximum velocity thresholds (i.e., 0.05 m/s and 0.25 m/s) were
selected based on the users” hand movement velocity in the 3D space while they were
holding the arm of the force-feedback device. To determine these values, we also
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considered the velocity values for the PRISM technique as PRISM also relied on the
hand movement speed. These two velocity values were verified in the pilot study.

e  The size of virtual objects (i.e., 4.5 cm) and their spatial positions (see Table 1) were
selected by considering the workspace of the used force-feedback device and the size
of 2D screen. They were easy to interact with and simultaneously there were clear
differences in horizontal distances (along x- and y-axes) and depths (along z-axis)
between the easy-to-reach groups and the difficult-to-reach groups.

e  The softness parameter values (see Table 1) were chosen. All the differences in softness
degree were perceivable by the participants considering the sensitivity of the force-
feedback device and human kinesthetic perception. For the tasks with high perception
difficulty, participants had to pay more attention to compare two soft tissues to perceive
which one was harder.

After the parameters were fixed, we proceeded to conduct the experiment.

4. Experiment
4.1. Apparatus

We used a MSI GS63VR 7RF laptop as the host computer for the experiment and a
Geomagic Touch X device with three degrees of freedom output force [3] as the interaction
tool. A Samsung 2493HM monitor was used as the visual display, and a keyboard was
used to select the answer and move to next trial. The software development kit was the
open-source H3DAPI [33] for both graphics and haptics. The interaction devices and the
environment are shown in the left image of Figure 2.

4.2. Participants

We recruited 24 participants from the local university community (16 female and
8 male) and their ages were between 20 and 39 years (M = 26.6, SD = 5.2). All participants
reported that they have normal touch sensitivity. Three participants used the left hand as
their dominant hand, and others were right-dominant. Five participants had used a similar
force-feedback device for 1 to 2 times but with limited experience. Other participants had
no user experience with a force-feedback device before the experiment.

4.3. Procedure

The participants were first introduced to the force-feedback device and the experimen-
tal study. We did not provide the participants with technical details of velocity-oriented
dynamic CD gain and only let them know that the HIP movement would be sensitive to the
hand movement because this technical information might influence user behavior in the
experiment. All participants signed an informed consent form and filled in the background
questionnaire. The force-feedback device was placed on the side of their dominant hand,
and they used their non-dominant hand to press the keys on the keyboard to select the
answer and move to the next trial. Because of the limited experience of using force-feedback
device, all participants had up to five minutes to familiarize themselves with the used
experimental devices before the formal experiment.

The participants were asked to finish the first experimental task as accurately and
quickly as they could. In the second task, they were only allowed to compare two tissues
up to three times. There were six experimental conditions (maximum CD gains) in the
experiment and the order of experimental conditions were counter-balanced among the
participants. For each CD gain, the participants had up to one minute to familiarize
themselves with the used CD gain. Then, they were asked to finish the first experimental
task with six trials and then the second task with twelve trials. After that, they could have
up to two minutes to rest their hand before the next group of trials. We did not provide
any feedback regarding their task performance. After completing the tasks with all CD
gains, the participants commented on the technique of velocity-oriented dynamic CD gain,
and their comments were recorded in the questionnaire. In total, the experiment time for
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each participant was approximately one hour. The experiment procedure for participants
is shown in Figure 3.

For each maximum gain

¥ First Second
— Experiment Experiment
Task Task

Figure 3. Experiment procedure for each participant.

Experiment Participant
Introduction Training with

and Preparing Devices

Post-Test
I Interview

5. Results

To evaluate the interaction efficiency, we collected both task completion time and
positioning accuracy for each participant in the first experimental task. Task completion
time was measured by the time of touching the first object to the time of touching the fourth
object. Positioning accuracy was evaluated by calculating the error distances between the
center points of the objects and the participant’s touch points. For each CD gain, there were
six trials in total, and we calculated the mean values for both the task completion time
and the error distance. In the second task that evaluated touch perception in softness, we
calculated the total number of errors each participant made in judging softness for each
gain with twelve trials.

We used the Shapiro-Wilk normality test to check all data first. Because the data were
not normally distributed (all p < 0.001), we analyzed the data using aligned rank transform
(ART) repeated measures non-parametric ANOVA [34]. The post hoc analysis was per-
formed using the Wilcoxon signed-rank test with Holm-modified Bonferroni correction [35]
to control family-wise type-1 error. The p values presented in the following sections for
post hoc analysis are after Holm-modified Bonferroni correction.

5.1. Task Completion Time

For task completion time, the ART ANOVA test showed that there were statistically
significant main effects for CD gains (F (5, 23) = 2.950, p = 0.015) and the levels of reach
difficulty (F (1, 23) = 64.797, p < 0.001). However, there was no statistically significant
difference for their interaction effect (F (5, 23) = 1.820, p = 0.114).

The post hoc analysis with Wilcoxon signed-rank test showed that using the velocity-
oriented dynamic CD gain with a maximum gain of 1.5, 2 or 2.5 led to statistically signif-
icantly less task completion times than using the unit constant gain (=1). The decrease
percentages, respectively, were 17.7% (gain = 1.5), 19.3% (gain = 2) and 19.9% (gain = 2.5).
When further increasing the maximum gain (3 or 3.5), there were no significant differences
between the velocity-oriented dynamic CD gain and the unit constant gain. Figure 4 shows
the boxplot of the task completion times based on different maximum gains. Table 2 shows
the mean task completion times, the standard deviation values and the p values from the
Wilcoxon signed-rank test. Furthermore, as expected, completion time for the tasks with
high reach difficulty (M = 6.08, SD = 2.58) was statistically significantly longer than the one
for the tasks with low reach difficulty (M = 4.91, SD = 2.09; Z = —4.286, p < 0.001).

Table 2. Mean task completion times with standard deviation values and results of Wilcoxon signed-

rank test.
Maximum Gain 1.5 Maximum Gain 2 Maximum Gain 2.5 Maximum Gain 3 Maximum Gain 3.5
Task Completion Time (Seconds) M =5.28 M =518 M=514 M =527 M =557
SD=2.84 SD =243 SD =212 SD =2.04 SD =242
Baseline maximum gain 1
Z=—-4171 Z =—2.600 Z=-2571 Z=-1314 Z=-0.857
M = 6.42 p <0.001 p=0.036 p =0.030 p=0.378 p=0.391

SD =3.61
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Figure 4. Task completion times based on the maximum gains (the line in the boxplot is the median
value and the cross mark is the mean value).

5.2. Positioning Accuracy

For error distances, The ART ANOVA test showed that there were no statistically
significant differences for the different maximum gains, the levels of reach difficulty and
their interaction effect. Figure 5 shows the boxplot of the error distances based on maximum
gains. Table 3 shows their mean values and standard deviation values.

Distance (cm)
1.2

1
0.8

0.6

0.4

0.2 L

0
1 1.5 2 2.5 3 3.5

Not Not Not Not Not

Maximum Gains
Figure 5. Error distances based on the maximum CD gains.

Table 3. Mean error distances with standard deviation values.

Maximum Gain 1 Maximum Gain 1.5 Maximum Gain 2 Maximum Gain 2.5 Maximum Gain 3 Maximum Gain 3.5
Error Distances (cm) M = 0.49 M = 0.47 M = 0.47 M =048 M =048 M =050
SD =0.27 SD =0.21 SD =0.20 SD =0.22 SD =0.20 SD =0.19

5.3. Touch Perception

In comparing the softness degrees between two soft tissues, the participants made different
numbers of errors with different maximum gains. The ART ANOVA test showed that there
were statistically significant differences for the maximum CD gains (F (5, 23) = 5.099, p < 0.001)
and the levels of perception difficulty (F (1, 23) = 162.799, p < 0.001), but there was no
significant difference for their interaction effect (F (5, 23) = 0.463, p = 0.803).

Wilcoxon signed-rank test demonstrated that using the velocity-oriented dynamic CD
gains with a maximum gain of 2, 2.5, 3 or 3.5 led to statistically significantly more errors
than using the unit constant gain (=1). However, while using this CD gain technique with
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the maximum gain 1.5, there was no statistically significant difference. Figure 6 shows the
boxplot of the number of errors based on each maximum gain with twelve trials. Table 4
shows their mean values, standard deviation values and p values compared to the baseline
condition. In addition, the errors with the perception difficulty showed that the participants
made statistically significantly more errors in the tasks with the high perception difficulty
(M =10.2, SD = 3.2) than the tasks with low perception difficulty (M = 2.8, SD = 2.3;
Z = —4.269, p < 0.001) out of 36 trials of each perception difficulty level.

Errors
6
S
4 °
3
2 >4 2 -
1
: [ 1]

1 1.5 2 2.5 3 3.5
Not Sig. Sig. Sig. Sig.
Maximum Gains
Figure 6. Number of errors committed by the participants based on the maximum gains.

Table 4. Mean numbers of errors with standard deviation values and results of Wilcoxon signed-rank test.

Maximum Gain 1.5 Maximum Gain 2 Maximum Gain 2.5 Maximum Gain 3 Maximum Gain 3.5
Number of Errors M=18 M=23 M=24 M=28 M=24
SD=1.2 SD=13 SD=15 SD=1.6 SD=13
Baseline maximum gain 1
Z=-1.669 Z=-2578 Z=-2462 Z=-3.200 Z=-2572
Sl\]/li): 1141 p=0.095 p=0.040 p=0.028 p =0.005 p =0.030

5.4. Subjective Response

Through the post-test interview, we collected the participants’ opinions and comments
for the velocity-oriented dynamic CD gain. These comments could further demonstrate its
strengths and weaknesses in kinesthetic interaction.

P1: “While the point speed got faster and faster, I started to lose control.”

P7: “When the gain was low, I could not do the task as fast as I hoped, but when the
gain was very high, I started to overshoot the target.”

P12: “The objects’ softness degrees were felt unstable while the touch point movement
was very sensitive.”

P15: “For all tasks, I can just slow down my hand movement for accurate touching.”

P20: “I could control the interaction point well even it was moving quickly, and I can
get used to it very fast.”

6. Discussion

The study explored using velocity-oriented dynamic CD gain for kinesthetic interac-
tion while using a grounded force-feedback device as the interaction tool. Two kinesthetic
tasks were used in the experiment, respectively, to examine its effects on interaction effi-
ciency and touch perception.

The interaction efficiency was evaluated based on task completion time and position-
ing accuracy. For the task completion time, the results showed a clear U-shaped relationship
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between the increasing maximum gain and the task completion time (see Figure 4). The
completion time was decreasing while increasing the maximum gain. When the gain
reached 2.5 (i.e., 1 cm hand movement in the physical space led to 2.5 cm the HIP move-
ment in the virtual space), the mean completion time reached the lowest value and began
to increase. The result of U-shaped relationship is consistent to previous studies that used
handheld and pointing devices with constant gains [18,19] or dynamic gains [14]. However,
the gains, which lead to the shortest task completion times, are different. When using
the mouse with constant gains for pointing-based tasks, the gain that led to the shortest
task completion time in Jellinek and Card’s study [18] was 2 and in Lin et al.’s study [19]
was between 1 and 2. When using the velocity-oriented dynamic CD gain, the average
gain used that led to the shortest completion times was found between 2.2 to 3.6 [14].
For touchscreen-based interfaces, the best gains were found between 2 and 4 [28] or even
up to 5 [29]. These results imply that the suitable CD gains varied based on the specific
interaction methods and scenarios.

Although user performance as a function of the changing CD gain has not been well
concluded in HCI [12], the reason causing the U-shaped relationship can be concluded; that
is, when the gain becomes too large, the users cannot have sufficient precision to control
their hand movements and thus affects the task completion time. This is also evident
from the participants’ comments in this study. Most participants mentioned that while the
maximum CD gain was increased to a certain value, they started to lose the control of the
HIP and overshoot the target.

However, the positioning accuracy in our case was not affected by the reduced control
over the HIP while using the velocity-oriented dynamic CD gain. The participants were
asked to touch the center parts of the objects in the 3D space, and the results showed
that the participants could maintain the positioning accuracy regardless of the changing
maximum gain (see Figure 5) and the spatial positions of the objects. Kinesthetic interaction
is a 3D exploration. The participants required to move the HIP along the x- and y-axes to
the target and then reach (along z-axis) it for the touch behavior. It is known that reaching
a target in 3D space is highly affected by the spatial position of the target, and the users
would significantly slow their hand speed during the reaching process [36]. Following the
decreasing hand speed, the applied gain would decrease to the minimum gain (=1), which
allowed the participants to have good control over the HIP [17]. This may be the main
reason that there were no statistically significant differences for the positioning accuracy
with different maximum gains and different reach difficulties.

In addition to the interaction efficiency, the second experimental task investigated the
effects of velocity-oriented dynamic CD gains on human touch perception. The results
showed that using dynamic CD gains led to different numbers of task errors in softness
discrimination (see Figure 6), which indicated that it could affect the participants’ touch
perception. When the participants used this technique to touch soft tissues, a changing
velocity of hand movement would lead to a dynamic CD gain and thus a dynamic touch
depth of the HIP. Therefore, the force feedback from the tissue that indicated its softness
degrees was changed based on the touch depth, which might affect touch perception.

This experiment demonstrated how the different gain ranges (from the minimum
gain to the maximum gain) of velocity-oriented dynamic CD gain affects touch perception.
The results showed that the CD gain technique with a small gain range (from 1 to 1.5)
would not statistically significantly affect the participants’ touch perception, whereas with
larger gain ranges (from 1 to 2, 2.5, 3 or 3.5), the CD gain technique negatively affected
touch perception. This was also confirmed by the participants. They reported that while
the HIP was very sensitive (i.e., using large maximum gains), the force feedback was felt
unstable. In addition, according to the results with the variable of perception difficulty, the
study demonstrated that large gain ranges, which are presented in the study, could still
be suitable for the kinesthetic tasks that do not need a high level of perception accuracy.
As shown in the results, the mean number of errors in the easy-to-perceive tasks with all
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examined gains was 2.8, whereas the mean number in the difficult-to-perceive tasks was
10.2, each out of 36 trials.

This study made the following contributions. First, the feasibility of using the velocity-
oriented dynamic CD gain for kinesthetic interaction has been demonstrated. The task
completion time while using the technique could be reduced approximately 20% according
to the experiment results (19.3% at gain 2; 19.9% at gain 2.5). Simultaneously, using this
dynamic CD gain could maintain a good positioning accuracy for kinesthetic interaction,
even with large maximum gains. Previous pointing-based studies that adopted the velocity-
based dynamic CD gain could improve the interaction speed but suffered from the low
task accuracy (e.g., [14]), and other techniques were developed to maintain a good level of
task accuracy, but the interaction speed had not improved much (e.g., [15,16]). In our case,
this technique could improve the interaction efficiency overall (i.e., increasing interaction
speed and maintaining positioning accuracy), which demonstrated the strengths of the
velocity-oriented dynamic CD gain for kinesthetic interaction.

Second, the present study experimentally examined the effects of this dynamic CD
gain technique on human touch perception. Although the results showed a tradeoff
between interaction efficiency and touch perception, this technique could still be used to
improve user performance in kinesthetic tasks that required a high perception accuracy
by only slightly increasing the range between the minimum gain and the maximum gain.
The velocity-oriented dynamic CD gain is a promising interaction method for kinesthetic
interaction overall, which does not require high perception accuracy.

There are a few limitations for the study. First, the minimum gain for velocity-oriented
dynamic CD gain was set at the unit value (=1). It could maintain a good user control
over the HIP and thus have the potential to maintain positioning accuracy. The resulting
workspace size of the force-feedback device was sufficient for the applications using a
normal 2D display. Increasing the minimum gain (>1) could increase the workspace size
of the force-feedback device in the virtual environment and make it suitable for large
environments provided by, for example, a VR headset. Future study could examine the
velocity-oriented dynamic CD gain on kinesthetic interaction in such scenarios by increasing
the minimum gain.

Second, the study was conducted based on two simple kinesthetic tasks to prelimi-
narily examine the feasibility of dynamic CD gain on kinesthetic interaction. The results
indicated that the increased maximum gains could improve kinesthetic interaction. How-
ever, the reach difficulty levels (distances and visual sizes) had no interaction effects with
the used gains. This may be due to the space limitation while using a normal 2D display,
that is, the limited distances (along x- and y-axes) and object depths (along z-axis). Addi-
tionally, the actual sizes of objects were not changed during the experiment for simplicity.
Future studies can test this CD gain technique with a more focused comparison on this area
while using, for example, a VR headset.

Third, a softness discrimination task was used as the experimental task to explore the
effects of velocity-oriented dynamic CD gain on touch perception. Detecting other physical
properties could also be affected by this technique. For example, detecting the smoothness
of an object requires hand movement along the object surface, which could be affected by
the dynamic gain. Future study can investigate the effects of this CD gain technique on
perceiving other physical properties.

Fourth, the kinesthetic device used in the experiment was a currently popular force-
feedback device that supports single-point haptic interactions. The effects of dynamic
CD gain for such single-point kinesthetic devices have been demonstrated in this study.
However, its effects for multiple-point haptic interaction were not examined. To explore this,
advanced kinesthetic devices, such as HaptX gloves, which support multi-point interaction,
are needed. This gain technique is also promising for those multiple-point haptic devices
by applying the dynamic gain for the hand or even each finger motion. We purpose this for
future study.
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Fifth, the interaction boundary was used to recover the offset between the physical
device workspace and the required virtual space caused by the dynamic CD gain, and the
participants did not report any issue during the experiment. However, we did not directly
test the boundary as the virtual space matched the device workspace with the minimum
gain (=1). Additionally, the experiment time was short and accumulated offset may be an
issue for a prolonged interaction. Although the user could manually recover the offset by
moving the HIP to the interaction boundary, the user performance and experience may be
influenced during this process. Like the PRISM technique and Adaptive pointing, which
recovered the offset by applying a large maximum gain, this method could also be suitable
for kinesthetic interaction by using a large gain to move the HIP back while it is out of the
required virtual space. Future studies could explore this area.

7. Conclusions

Velocity-oriented dynamic CD gain is a popular interaction technique for improving
user performance in pointing-based computer tasks. This study was the first of its kind to
extend this technique to the context of kinesthetic interaction that uses a grounded force-
feedback device as the interaction tool. The results showed that velocity-oriented dynamic
CD gain could improve interaction efficiency overall. Although touch perception could be
affected by the high gain used, the interaction technique shows promise. It is particularly
suitable for kinesthetic interaction in the cases that do not have the requirement for high
perception accuracy. This study demonstrated the feasibility of using the velocity-oriented
dynamic CD gain for kinesthetic interaction, and future studies could examine, for example,
the effects of dynamic CD gain on different kinesthetic perception tasks using different
kinesthetic devices and the performance of this gain technique for kinesthetic interaction in
a large VR environment provided by a VR headset.
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