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ABSTRACT

The main goal of this research is to study the effect of sub-
threshold forces on human performance in a haptic-enabled
virtual reality system. A multi-modal task similar to Fitts
is used to study the effects of the sub-threshold forces on
user performance. FEach user’s movement is manipulated
using controlled forces such that the user is not aware of
the forces. Subjects can see the position of the haptic probe
in a virtual environment where they are manipulated using
sub-threshold forces. The multi-modal task is used to mea-
sure the accuracy of subjects in two experiments. During
the experiments, the effects of force intensity and the rel-
ative direction of applied forces to the direction of user’s
hand motion in the presence of visual cues are investigated.
A performance index is also introduced that can be used
to evaluate human performance in the application of sub-
threshold forces. A psychophysical method is utilized to
ensure that the applied forces on the user’s hand are below
the force threshold of the human haptic system. Results
indicate that user performance is affected by both the in-
tensity and direction of sub-threshold forces even when the
users could control their actions through visual feedbacks.

Categories and Subject Descriptors

H.5.2 [User Interfaces|: Haptic I/O; H.1.2 [User /Machine
Systems]: Human factors

General Terms

Human factors, haptic, human performance, sub-threshold
force, Perception and psychophysics, human-computer in-
teraction, velocity

1. INTRODUCTION

In virtual reality applications, a user usually grasps an
input device to explore inside of a virtual environment. A

Permissiorto makedigital or hardcopiesof all or partof this work for
personabr classroonuseis grantedwithout fee providedthatcopies
arenot madeor distributedfor profit or commercialdvantagendtha
copiesbearthis noticeandthefull citationonthefirst page.To copy
otherwiseto republish to poston serversor to redistributeto lists,

Copyright© 2008ICST 978-963-9799-16-5
DOI 10.4108/ICST.AMBISYS2008.2910

Eric Kubica
Department of Systems Design Engineering
University of Waterloo
ekubica@kingcong.uwaterloo.ca

virtual probe or a tool tip usually represents the user’s hand
in the virtual environment. The user can see the tool tip
through a computer or a head-mounted display. Thus, users
can only maintain their movement and accuracy using vi-
sual cues. However, in a haptic-enabled virtual environment,
users can explore and manipulate virtual objects using the
sense of touch. Users grasp the end-effector of the haptic
device and move it. The haptic device must present ap-
propriate force feedback to the users’ hand based on the
movement of the users’ hand. Haptic-enabled virtual envi-
ronments are widely used in a variety of applications such
as computer-aided design [6], computer-aided assembly [§],
computer-assisted surgery [18] and so on. In most of these
applications, human performance efficiency in virtual envi-
ronments is critical to carry out a task [27].

For example, a possible application is tele-surgery where
a surgeon wants to carry out a very accurate surgery at a
patient site in a remote location. The surgeon and patient
are connected through the Internet and the surgeon can see
the other site through a display. In this type of application,
the surgeon must be able to move freely and interact with
the different parts of patient’s body. In addition to visual
feedback, haptic feedback can also be provided to the sur-
geons to improve their performance. The sense of touch may
be transmitted over the Internet to help a surgeon to better
recognize the parts of the patient’s body [13]. The surgeon
must accurately carry out the task. The main challenge in
this type of application occurs when users try to maintain
their accuracy in the presence of time-delays over the Inter-
net. Due to the time-delays, it is difficult to carry out tasks
efficiently [29].

To develop such applications, an active manipulation of
the user (e.g. surgeon) response can be incorporated to
maintain the accuracy of the user. In other words, control
strategies can be utilized for pulling or pushing the users’
hand into predictable responses in order to help the user
maintain safe trajectories. However, the feeling of the user
must be similar to an actual feeling in a real world situa-
tion [23]. The feelings would be unreal if the users feel that
the haptic device is pushing or pulling them during a task.
Therefore, the goal is to find an approach that the user is
manipulated without being aware of it. To achieve this goal,
sub-threshold forces can be incorporated in the controlling
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they are below the force threshold of the human haptic sys-
tem. Sub-threshold forces would be useful in virtual reality
applications because the users cannot feel the application
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of these forces on their hands. Lawrence et. al [15] used
sub-threshold forces in a friction compensation technique in
the design of haptic devices. If one chooses controller gains
so that the friction is under-compensated, then the user will
still feel the residual effects. However, if the the friction is
over-compensated for, then the user will feel an unnatural
pulling. Thus, there is a range of friction compensation val-
ues that will allow the control strategy to feel transparent
to the user.

On the other hand, both force intensity and the relative
direction of force to the direction of user’s hand motion must
be taken into account to convey the properties of virtual en-
vironments [10]. Many studies have investigated the human
force perception with respect to the intensity, not the direc-
tion, of forces [12, 19, 20]. However, the force directions are
important in the haptic rendering of virtual objects. It is
more critical in haptic display of surface friction, and vis-
cosity of virtual environments that force direction depends
on the movement direction and velocity [26]. The relevant
works are reviewed in detail in Section 2.

As mentioned, the main goal of this research is to study
the effects of intensity and direction of applied forces on
human performance by utilizing knowledge of the human
haptic perception process. To achieve this goal, a method
of psychophysics must be utilized to ensure that the applied
forces are sub-threshold forces. The differential force thresh-
old or Just Noticeable Difference (JND) is a measure of the
minimum difference between two stimuli that is necessary in
order for the difference to be reliably perceived by a user.
The first stimulus is called the base stimulus, and the sec-
ond stimulus is an increment/decrement of the base stimuli.
In this study, the focus is on force as a stimulus. The first
stimulus (force) called base force, and the second stimulus
is an increment /decrement of the base force [9]. The exper-
iments, results, and possible sources of errors are presented
and discussed in Section 4 and Section 5, respectively.

In this paper, a multi-modal task is defined for a user
interacting with a virtual environment. The user engaged
in a task that is similar to the original Fitts task [7] in a
virtual environment. The original Fitts task is introduced
and explained in Section 3. The multi-modal task is used
to evaluate user performance in the presence of the forces
that are below the force JND of the human haptic system.
Subjects can see the position of haptic probe in the virtual
environment when they are manipulated using sub-threshold
forces. Essentially, we investigate the effects of unnoticed
haptic effects in the presence of visual cues. A performance
index is determined that can be used to evaluate human
performance in the application of sub-threshold forces. The
implications of findings, conclusions and future studies are
presented in Section 6.

2. RELATED WORKS

As mentioned in the previous section, haptic is used in
many applications to improve human performance in virtual
reality systems. Salb et al.[22] studied the haptic mediation
of the risk values which has been realized using a haptic
device. Interventions always cause risks to the patients dur-
ing a surgery. Critical steps within an intervention can be
estimated using preoperative simulations. The risk poten-
tials could be explored with the haptic device to improve an

overview over the risks when planning surgical interventions
for the target area.

Wall et al. [28] studied the quantitative effects of haptic on
user performance. They used Fitts’ law in conjunction with
another task to develop a measure of human performance in
a target task. They found that applied forces can improve
the movement times for a difficult task, but had no effect
on the index of performance (IP) as defined by Fitts’ law.
However, they also found a significant improvement in IP
by adding haptic effects to a less difficult task. However, we
study the sub-threshold haptic effects on human accuracy
in a Fitts task by measuring the number of human errors ,
instead of IP, during the task.

Lee et. al [17] studied the weakest effects that can provide
meaningful information to the user. They utilized an adap-
tive threshold algorithm to determine the lowest detectable
forces rendered in the horizontal plane by a low-power, low-
friction, and high-precision haptic device. They investigated
the effect of small forces on human performance that can be
useful for adding haptic interfaces to smaller systems, e.g.
laptops, PDA’s, and even cell phones. They used Fitts’ Law
to analyze performance. In our paper, the effect of small
(sub-threshold) forces is investigated using Fitts task. How-
ever, the focus is on user performance when the user does
not perceive the small forces.

Zadeh et. al [31] determined the absolute force thresholds
of the human haptic system for application to a psychophys-
ically motivated lossy haptic (force) compression technique.
The compression technique store the haptic data only when
the force exceeds a certain threshold of the human haptic
perception. They found that, when a user’s hand is in mo-
tion, fewer haptic details are required to be stored, calcu-
lated or transmitted. However, in this paper, the focus is on
the effects of forces less than the differential force threshold
(JND).

Many researchers have found the JNDs for forces using dif-
ferent kinds of force-feedback devices. Jones [12], in a force
matching experiment about the elbow, found a JND rang-
ing between 5% and 9% over a range of different base force
values. Pang et al. [19] found a JND that lies between 5%
and 10% for pinching motions between the finger and thumb
with a constant resisting force over a range of different base
force values between 2.5 and 10 N. Allin et al. [4] used the
PHANToMT™ haptic device to measure a JND force in a
virtual environment. Their goal is to use the thresholds
of force sensitivity to construct therapeutic force feedback
distortions that stay below these thresholds. They conclude
that the visual feedback distortions in a virtual environment
can be created to encourage increased force productions by
up to 10%, without a patient’s awareness.

Most of the work reviewed study the haptic display of sta-
tionary rigid objects interacting with the operator’s hand.
However, motion is important in many virtual reality ap-
plications. The dependence on velocity is observed when
a user is sliding on the surface of a virtual object or is in
contact with a moving object. Another application is the
haptic rendering of deformable objects. In this type of ap-
plication, a user can penetrate into the object. Forces are
applied both in and against the direction of the user’s mo-
tion in a deformable object. In all these applications, unlike
previous research, the motion of a user’s hand and the vir-
tual haptic object is important. The result in [16, 11, 31,
30] shows a significant variation in human perception and



the force thresholds while the velocity of the subject’s hand
is changed, albeit in a different scenario than is studied in
this paper.

Another example is the haptic rendering of sliding friction
in a virtual reality application. Williams[21] developed sev-
eral activities with haptic feedback to augment the teaching
of standard high school physics concepts. One activity al-
lowed the user to feel different levels of sliding friction such
as coarse, medium, fine, and ice. One method to haptic dis-
play of sliding on ice is to apply a certain amount of force
to the user’s hand in the direction of user’s hand movement.
However, for the coarse level, a certain amount of force is ap-
plied to the user’s hand in opposed to the direction of user’s
movement. Thus, the relative direction of applied force to
the direction of user’s hand motion is critical in the haptic
applications. Zadeh et. al [30] derived Just Noticeable Dif-
ferences (JND) for human force sensing. They found that
the effect of force direction on the force JND is dependent
on the increasing or decreasing of the force.

3. FITTS LAW

Fitts [7] conducted a systematic analysis on the relation-
ship between accuracy and speed. In the original Fitts task,
subjects were asked to tap a pencil-shaped object alternately
between two rectangular plates by moving their hand left
and right as rapidly as possible for a predetermined dura-
tion. The width of the targets (W) and the amplitude of the
movement between the targets (A) could be changed by the
experimenter to generate a large number of combinations of
A and W. Each time a subject tapped one of the targets,
a hit is scored. Subjects were asked to score as many hits
they could. On the other hand, an additional error plate was
mounted on either side of each target plate in the original
Fitts task. If subjects hit either of the side plates an error
was recorded. An Undershoot or overshoot error occurred, if
they hit the side plate that was mounted before or after the
target plate, respectively. Subjects were asked to accurately
carry out the task to limit misses to no more than about
5%. In other words, they must emphasize accuracy rather
than speed.

Fitts presented a model of human motor behaviour. His
model is a descriptive model that provides a descriptive mea-
sure of human motor performance or throughput (Index of
Performance: IP). His model is also a predictive model
that provides a prediction equation for the time to acquire
a target, given the distance and size of the target. Fitts
suggested Equation 1 as the relationship between the target
width (W), the amplitude (A) of the movement, and the
resulting average movement time (MT) [25].

MT:a-l-b[logQ(%)] (1)

MT is calculated as the trial duration divided by the num-
ber of taps in that time (s/tap). a and b are the empirical
constants of a linear equation. ID = log,(32) called the
index of difficulty (ID). ID represents the difficulty of the
task. The ID of a task is related to the distance (Amplitude
of Movement) and the width of the target. The larger the
A, the harder the task; The larger the W, the easier the
task. Fitts conducted a series of experiments with differ-
ent IDs (from 1 to 7). The Index of Performance (IP) or

Figure 1: The

experimental
PHANToM™ haptic device and a subject.

setup: the

throughput is presented in Equation 2. Fitts suggested that,
for a particular test condition, throughput should be rela-
tively constant over a wide range of task difficulties. In other
words, the I D-MT relationship is linear. In addition to I P,
the accuracy of the user can be evaluated by incorporating
the number of hits, overshoots, and undershoots.

ID

IP = UT (2)
As mentioned, the focus of our study is on applications
where the user and the object are in relative motion. It is
difficult to generate precise mathematical description of be-
haviour in human motor control applications. Therefore, a
reliable motor behaviour task (law) is required to study hu-
man motor control behaviour. Fitts is selected to be used in
this study because it represents a fundamental relationship

that governs many kinds of motor behaviour [25].

4. METHODS

4.1 Participants

There were 6 participants between the ages of 25 and 39.
All were regular computer users and students at the Univer-
sity of Waterloo. They were right-handed, and had no more
than trivial previous exposures to haptic interfaces. The
participants did not have any neurological illness or physi-
cal injury that would impair hand function or force control
ability. The participants were recruited by word of mouth
and received $10 for their participation in each session. The
experiment was conducted in accordance with the University
of Waterloo ethical guidelines.

4.2 Apparatusand Material

In the experiments, PHANToM”™ Omni device [2] was
used as the force-feedback device. Softwares were run on



Figure 2: The experimental setup: the 2D virtual
environment.

two 3GHz Pentium 4 computers running Windows XP, and
were developed in MATLAB using the Prosense toolbox [1].
Each subject was seated on a chair facing a computer display
and asked to place their right elbow on a side support. The
wrist of the right hand was restrained with a wrist guard, as
shown in Figure 1, so that wrist movements were locked (to
make sure that each subject rotated their hand about their
elbow). The subject grasped the end-effector of a haptic
device. Once each subject was seated comfortably, their
right arm and fingers were shielded from their own view
with an opaque barrier.

Attention was directed to a 177 LCD monitor placed ap-
proximately 70 c¢m from the subject. The monitor con-
tained a graphical display, as shown in Figure 2. The display
showed a 2D virtual environment that was used in this ex-
periment. Subject engaged in a task that is similar to Fitts
task [7] in a virtual environment. The original Fitts task
was done for several indexes of difficulty. However, a fixed
index of difficulty, 4, was chosen in this study because we
investigated the sub-threshold force effects on the accuracy
of subjects in a task with the same difficulty in all exper-
iments. The ID was selected based on the work space of
the haptic device. As shown in Figure 3, the 2D virtual
environment contained a red ball and two green rectangles.
The center-to-center distance between the targets was 10.2
cm, and the width of the target was 1.3 em. The 2D ball
moved when the subject moved the haptic device. During
each trial, subjects were asked to tap the two targets (green
rectangles) by moving their hand to left and right. Each
time the ball was within one of the targets, a hit was scored
by subjects. Subjects were asked to score as many as hits
they could.

As mentioned in Section 3, in the original Fitts task, sub-
jects were asked to carry out the task as rapidly as possible
for a predetermined duration because the objective was to
investigate the trade off between velocity and accuracy [7].
In this study, the subjects were also asked to accurately
carry out the task in the presence of sub-threshold applied
forces. However, unlike Fitts task, subjects were required
to maintain their hand’s velocity within a specified range
to eliminate the effect of velocity on the accuracy of sub-
jects. In other words, the goal was to investigate the effect
of sub-threshold forces, not the subject’s hand velocity, on
the accuracy of subjects. Therefore, the velocity range was
set by the experimenter to 0.16-0.20 m/s as the reference
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Figure 3: The relative direction of applied forces to
the direction of user’s hand movement

velocity range.

4.3 Stimuli

In this study, the focus is on force as a stimulus. The force
stimuli were presented using PHANToM™™ haptic device.
As mentioned in Section 1, the effects of both force intensity
and relative direction of force to the direction of user’s hand
motion were studied in though two experiments.

The experimenter was able to change the intensity of force
through a computer, and apply forces to the subject’s hand.
As shown in Figure 5, the first force stimulus (base force:
F) was a 150 mN force that was continuously applied to the
subject’s hand from the beginning of each trial. The first
interval of measurement period lasted 15 Seconds. Then,
the second force stimulus that was an increment /decrement
of the base force (F + AF) was applied to the subject’s hand
in the second interval of measurement period. The second
interval also lasted 15 Seconds. For instance, the applied
forces on participant ES’s hand are presented in Figure 4.
The AF of first trial for both increment and decrement runs
were 20 mN in all experiments. However, the AF for the rest
of trials were determined based on the responses of subjects
through the experiments. The applied forces in both periods
for participant ES are depicted in Figure 4.

The effect of relative direction of force to the direction of
user’s hand motion was studied via two experiments. As
shown in Figures 3, two forces vectors were used in the two
experiments. The first one was called the opposed force that
was opposed to the direction of the subject’s hand move-
ment. It was continuously applied to the subject’s hand
during each trial in the first experiment. The other one was
called the aid force that was continuously applied to the
subject’s hand in the same direction as the subject’s hand
movement during each trial in the second experiment. The
detail of experiments is presented in Section 4.5.

4.4 Design

The effects of force direction and the increment/decrement
of the forces were studied through two experiments. The
procedure in 4.5 was repeated two times for two different
force directions (opposed and aid). Therefore, each subject
was required to participate in two experiments plus a one-
hour training session. The training session was delivered
that helped subjects to get familiar with the task. It was
required for subjects to carry out the task with less than
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mN A

Measurement Period

F+AF

Base
Force (F)

v

T TQ T0+1 5 T0+30 4

Start Stop

Time (s)

Figure 5: The force stimuli in a force increment trial.

15% missing error at the end of training session. A Repeated
Measures completely randomized two-factor design was em-
ployed in the experiments. All subjects carried out the two
experiments in our repeated-measures experiment design.
However, the six participants were randomly divided into
two three-member groups. The subjects in one group first
did the opposed force experiment, then carried out the aid
experiment. The subjects in the other group did the aid
experiment, then carried out the opposed experiment.

45 Procedure

In both experiments, the effects of increment or decre-
ment in applied forces on human performance were studied
using the Interweaving Staircase (IS) [5] method from psy-
chophysics. Each experiment had two runs (increment and

decrement), and was done in 40 trials, 20 trials for each of
force increment and decrement runs. The trials of the ex-
periment for one of the subjects are presented in Figure 4.
The trials with a force increment and decrement called force
increment trials and force decrement trials, respectively. In
each trial the subjects were asked to grasp the handle (end-
effector) of haptic device and start the task when hear start
from the experimenter. They were also asked to stop and
leave the handle when they hear stop from the experimenter.
A sample trial is presented in Figure 5, and start and stop
points are also shown in the figure. The base force was ap-
plied to their hand from the beginning of each trial. The
measurement period contained two 15-second intervals (be-
fore and after increment/decrement of the base force). The
first interval of measurement period started when the exper-
imenter ensured that the subjects maintained their velocity
within the reference range. The experimenter could monitor
the end-effector of haptic device on another computer.

The second interval was started if the missing error of the
subject was less than 15%. The missing error equales the
sum of overshoots and undershoots divided by the total hits,
overshooots, and undershoots that the subject made in the
first interval. If the missing error was greater than 15%,
the experimenter discarded the data, and started over the
first interval. It was also assumed that the subjects main-
tain their missing error within the 30-second measurement
period. After the first interval, the experimenter randomly
incremented/decremented the continuous applied base force
according to the IS method. The number of hits, overshoots,
undershoots, and the average of subject’s hand velocity were
separately measured during each interval of measurement
period.

In this study, the IS method was utilized to determine
the applied forces on the user’s hand that were below the
force threshold of the human haptic system. As shown in



Figure 4, the experimenter starts by presenting a sequence
of forces (the base force and the increment/decrement force)
which progressively increases or decreases in value (steps of
10 mN)based on the response of subject in the previous
trial. The sequence of forces were randomly chosen by the
experimenter before starting the experiment. For instance,
for participant ES, trials 1 and 2 were force increment trials,
and trials 3 and 6 are force decrement trials. The subjects
were asked to report at the end of each trial if they felt any
changes in their feeling. Subjects could respond with Yes,
increment, or Yes, decrement or No to detecting changes in
force value. The responses of participant ES are presented
on the top and bottom of Figure 4 for the increment and
decrement trials, respectively. When the subject’s response
changed from Yes to No, the direction of the force sequence
was reversed from ascending to descending, or vice versa.
For example, as shown in Figure 4, a 210(150+60)mN force
was applied on the subject’s hand in trial 7, and the force
increasing direction was changed because the subject’s re-
sponse was Yes. In trial 8, the applied force was decreased
by 10 mN, and a 200 mN force was applied to the subject’s
hand. In this paper, the trials with a No and Yes responses
are called unnoticed and noticed trials, respectively.

The main advantage of the IS method is to reduce the pos-
sible biases compared to the original staircase method. In
the IS method, a subject has to report one of the three pos-
sible responses (increment, decrement, no change). There-
fore, it is much more difficult for the subject to guess the
response, and it is possible for the experimenter to check
the response with the current direction of force (ascending
or descending).

4.6 DataAnalysis

The total number of scores in each interval is calculated by
adding the number of hits, overshoots, and undershoots for
all unnoticed trials. The average values of hits, overshoots,
and undershoots are calculated, and normalized for all par-
ticipants. The average percentage of overshoots (OS%), un-
dershoots (US%), and their difference ((OS-US)%) in the
first interval (before force increment/decrement) and second
interval (after force increment/decrement) are presented in
Table 1. The effects of force increment/decrement on the
0S%, US%, and (OS-US)% are also presented for the two
force directions (opposed and aid).

Based on the observations for the opposed force direction,
the overshoots are decreased and increased by increasing and
decreasing the sub-threshold forces on the subjects’ hands,
respectively. However, the undershoots are increased and
decreased by increasing and decreasing the sub-threshold
forces, respectively. It seems that a combination of the
overshoots and undershoots can be a strong performance
index to show the effects of sub-threshold forces on hu-
man actions. Therefore, the difference of overshoots and
undershoots ((OS-US)%) is calculated for each interval of
the measurement period. As shown in Table 1, the (OS-
US)% is decreased/increased by increasing/decreasing the
unnoticed forces for the opposed force direction. The over-
all performance index (A(OS-US)%) is the difference be-
tween the (OS-US)% of the first interval (before force in-
crement/decrement) and second interval (after force incre-
ment/decrement) of the measurement period in all unno-
ticed trials. The A(OS-US)% of all four combinations of the

two factors in this study are calculated and presented in the
last column of Table 1.

The result is analyzed using the repeated-measures Analy-
sis of Variance (ANOVA). A two-way repeated-measures
ANOVA is conducted on the performance index to study the
effects of sub-threshold forces on human performance. The
analysis for all experiments is done at a significance level
of 0.05. In the analysis of the data from the experiments,
the log transform was used to correct for unequal variances
between the groups and some slight non-normalities in the
data. This log transform corrected all irregularities within
the original data [14]. A sphericity test is conducted to
check the sphericity assumption of the repeated-measures
ANOVA. The chi-square approximation for this test is 8.81
and the associated p-value, 0.1167, is greater than the al-
pha level 0.05. Thus, the data meet the sphericity assump-
tion [3].

5. RESULTSAND DISCUSSION

In this study, a performance index (A(OS-US)%) is de-
fined to measure human performance during a Fitts’ type
task. The performance index results are presented in Ta-
ble 1 for the force directions and force increment /decrement
of sub-thresholds applied forces. It appears that the ac-
curacy of subjects is affected when the applied forces on
their hand increased or decreased. As shown in Table 1, the
A(0S-US)% of the opposed force increment is -3.51%, and
the A(OS-US)% of the opposed force decrement is 1.63%.
Based on the results, the A(OS-US)% is increased when the
applied force is decreased. The subjects obviously did less
overshoots and more undershoots when the opposed force
increased compared to the time that the opposed force de-
creased. In other words, the subjects’ actions are affected
when the opposed applied force on their hand increased.

As shown in Table 1, the A(OS-US)% of the aid force in-
crement and decrement are -1.74% and -2.59%, respectively.
The results show that the A(OS-US)% is decreased when
the aid applied force is decreased. The subjects obviously
did more undershoots and less overshoots when the aid force
decreased compared to the time that the aid force increased.
It is obvious that there is an interaction between the force
direction and force increment/decrement factors. In other
words, the effect of force direction on human performance
is dependent on the increment or decrement of force. Re-
sults of the two-way repeated-measures ANOVA on A(OS-
US)%, F(1,5) = 28.33 and p-value = 0.0031, also supports
this trend. Consequently, four one-way repeated-measures
ANOVAs are conducted on the A(OS-US)% to study the
simple effects between each level of the force direction and
the force increment/decrement.

The repeated-measures ANOVA on the increment or decre-
ment of the opposed force, F(1,5) = 15.83 and p-value =
0.0106, show that there is definitely a difference between
the effects of increasing and decreasing of the sub-threshold
opposed forces on subjects’ actions.

However, the results for the increment or decrement of
the aid force, F(1,5) = 3.39 and p-value = 0.1252, show
that there is no difference between the effects of increasing
and decreasing of the sub-threshold aid forces on subjects’
actions. As shown in Table 1, the difference of A(OS-US)%
for the aid direction is very small. It is also shown in Ta-



Table 1: The average of overshoots, undershoots, and their difference for force Direction and Incre-

ment/Decrement factors

Force Force Before Force After Force Sub-threshold
Dir Inc/Dec Increment/Decrement Increment/Decrement Force Effects A(0OS-US)%
O0S% US% (OS-US)% | OS% (0OS-US)% | OS% US% (OS-US)%
opposed Inc. 543 1.25 4.18 3.23 0.67 l ) i} -3.51
opposed Dec. 4.24 213 2.11 4.98 3.74 T ! ) 1.63
Aid Inc. 4.37 1.28 3.10 3.9 1.36 l T l -1.74
Aid Dec. | 480 1.25 3.55 3.14 0.96 ! 1 ! -2.59

ble 1 that the increment of the aid force does not follow the
same trend similar to other facotrs’ levels. The overshoots
increased, and undershoots decreased by increasing the aid
force.

The one-way repeated-measures ANOVA results for the
force direction of the force increment, F(1,5) = 6.39 and p-
value = 0.0527, show that there is an approaching significant
difference between the opposed and the aid forces in the case
of force increment.

The one-way repeated-measures ANOVA results for the
force direction of the force decrement, F(1,5) = 22.11 and
p-value = 0.0053, indicates that there is statistically signifi-
cant difference between the opposed and aid force directions,
meaning that we can change the force direction to affect hu-
man performance.

6. CONCLUSION

The results of our study and analysis indicate that the
human performance in haptic-enabled virtual reality appli-
cations can be affected using small sub-threshold controlled
forces. In other words, we can pull/push the users’ hand
without them being aware of it into predictable positions by
increasing/decreasing the sub-threshold opposed forces. For
example, a control strategy can be employed to maintain a
user’s hand on a trajectory in a virtual environment using
the opposed forces. The increment or decrement of opposed
forces can be used to pull or push the user’s hand on the
trajectory. However, the force intensity must be tuned for a
specific task.

Based on the results, there is an increase in errors even
though the user is not aware of being manipulated. This
study shows that the magnitude of the error may result
from applying the sub-threshold forces. Therefore, there is a
trade-off in applications. For example, in the case of friction
compensation [15], too much or too little friction compen-
sation can actually make things worse. In this case, over-
compensation is shown from the results to be more problem-
atic.

As mentioned in Section 5, there is an approaching signif-
icant difference between the opposed and aid forces in the

case of force increment. Future work will investigate the re-
sults of this study with more subjects to see if there is any
changes in the repeated-measures ANOVA results.

It appears from the results that the subjects do more over-
shoots and less undershoots when the aid force increased.
Future work will study this trend in a full-scale study with
more subjects. The improvement of performance indexes
will also be investigated. In addition, the effects of base
force intensity on human performance will also be studied.
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