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Directional Perception of Force in a Virtual Reality Environment

Zihao "Theo” Long

(ABSTRACT)

Force feedback during teleoperation and in Virtual Reality (VR) environments is becoming
increasingly common. We are interested in understanding the impact of motion on the
directional accuracy of force perception, as observed in a VR environment. We used a
custom force-feedback system that pulled a handle with a force of 1.87N at various angles in
front of N=14 subjects. The virtual environment showed a curved wall, which corresponded
to the locations from which the force could physically originate. Subjects selected where they
perceived the force to originate from with a virtual laser pointer and by orienting their head.
We compared several conditions: the subject held the handle still; the subject moved the
handle back and forth toward the center of the wall; the subject moved the handle back and
forth across their body; and the subject moved the handle back and forth toward where they
thought the force was originating. Subjects were able to localize the force with an average
accuracy of 1-10 degrees depending on the force’s location, which is better than previous
studies. All conditions had similiar accuracies. Subjects had the best precision when they

followed the force as compared to either of the other conditions with movement.



Directional Perception of Force in a Virtual Reality Environment

Zihao "Theo” Long

(GENERAL AUDIENCE ABSTRACT)

In recent years, robots combined with teleoperation, operating in a remote safe environment,
has become a popular choice for replacing human workers in dangerous environments. Visual
feedback and a sense of touch and motion, are two of the most common feedback modalities.
Thus, Virtual Reality (VR) and force rendering are two main ways of conveying information
to the operator during teleoperation.

Previous studies have investigated the effects of force feedback on the fingers, wrist, and
arms but with limited movements and joint combinations. In this paper, we answered the
question of how the planar arm movement impacts the force-directional perception accuracy
by using a Virtual Reality (VR) system. To put in other words, we want to find out how
accurate and precise a robot operator can feel the physical world through joysticks. If they
are asked to do this many times in a row, how repeatable are their guesses? To study this,
We asked subjects holding a handle made out of PVC pipe with a position sensor on it. The
handle was attached to a motor, which pulled the handle away from the subjects during the
experiment trial. The experiment consisted of four different conditions, which studied both
stationary, when subjects holding the handle stationary and resist the pull by our motor,
and movement, when subjects moving the handle in a certain direction while the handle was
pulled by our motor. In each trial, subjects were first asked to resist the force according to
the experiment condition, then use a laser pointer and head to both point and look at where
they think the motor was pulling the handle from. Because of the use of the VR environment

and position sensor, subjects reported their guesses intuitively by pointing and looking at,



which eliminated the potential of misreporting guesses. The result of this study is important
for designing an effective force feedback system for teleoperation. With this information, a
force feedback system in a VR environment could be altered to convey information to a user
more accurately, for example to correct any biases that the user may have in where they
expect forces to originate.

Our results show that arm movements enhanced the force feedback precision without sacri-
ficing the accuracy. Arm movements also improved the subjects’ confidence level in how well
they thought they could localize a force. The results also suggest that pointing with the head
is significantly more precise compared with the hand. Such results can be used to implement
a more effective force feedback system combined with a VR environment. Finally, our data
also shows that hand had an opposite accuracy pattern compared with the head. Future

works are needed to explain this opposite accuracy pattern.
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In recent years, robots combined with teleoperation has become a popular choice for re-
placing human workers in dangerous environments. Visual feedback and haptic feedback
(including both the sensors on the skin and proprioceptors inside the body) are two of the
most common feedback modalities. Thus, Virtual Reality (VR) and force rendering are two
main ways of conveying information to the operator during teleoperation. Previous stud-
ies have investigated the effects of force feedback on the fingers, wrist, and arms but with

limited movements and joint combinations.

In this paper, we answered the question of how planar arm movement impacts the force-
directional perception accuracy by using a Virtual Reality (VR) system. If someone feels a
force and has to point to it while they are in a VR environment, how accurately can they
detect where the force came from? If they are asked to do this many times in a row, how
repeatable are their guesses? Finally, if they point with a virtual laser pointer or point
by tilting their head in a certain direction, how do the accuracies of these two methods
compare to one another? The result of this study is important for designing an effective
force feedback system for teleoperation. With this information, a force feedback system
in a VR environment could be altered to convey information to a user more accurately, for

example to correct any biases that the user may have in where they expect forces to originate.

Our results shows that arm movements enhanced the force feedback precision without sac-

rificing the accuracy. Arm movements also improved the subjects’ confidence level in how



well they thought they could localize a force. The rResults also suggest thats pointing with
the head is significantly more precise compared with the hand. Such results can be used to
implement a more effective force feedback system combined with a VR environment. Finally,
our data also shows that hand had an opposite accuracy pattern compared with the head.

Future works are needed to explain this opposite accuracy pattern.
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As robots become more advanced, the number of robots deployed for dangerous tasks such as
minesweeping, underwater investigation, space exploration, and handling reactive materials
is increasing [1]. Teleoperation of robots enables humans to perform tasks in dangerous
environments while remaining at a safe distance [2, 3]. Teleoperation also has the advantages

of flexibility and failure recovery over fully autonomous systems [4].

The effectiveness of teleoperation can be greatly improved if users are able to receive realistic
haptic feedback [5, 6]. However, achieving this requires a good understanding of human
haptic perception capabilities [7]. Thus, an intuitive and accurate force feedback system is

needed.

Similarly, haptic feedback systems in Virtual Reality (VR) systems are becoming more preva-
lent. For purposes such as training of surgery or other skilled tasks, or for rehabilitation,
fully immersive systems with realistic haptic feedback are beneficial [8, 9, 10]. This too

requires a good understanding of human perceptual abilities.

Our study is motivated by applications where a force is applied at some direction to the

3



user. Examples of this include surgical systems, where it is important to know the direction
a tool is pushing on the body, or robotic manipulation, where a robot may be interacting

with objects that may not be visible to the user, for example if they are in a crevice or bag.

Some of the earliest force feedback studies examined how accurately people could judge the
weight of objects subject to gravity [11]. But as robots have become more robust, studies

about force perception have expanded to other directions and variables related to perception.

Several studies examined how well people can determine the direction of forces on the tip
of their index finger, using a Phantom haptic device. Tan et al. [12] studied force discrim-
ination, applying reference forces perpendicular to the fingertip in various directions and
determining if the subjects could distinguish between a reference force and a test force in a
different direction. They found that subjects were correct with an average threshold of 33 ,
independent of direction. In the experiment, the subjects’ fingers moved somewhat due to
the applied forces, with an average of 10mm and a maximum of 21.3mm. Thus, potentially
proprioceptive sensors in the finger could be giving information to the user. A second study
found a threshold of 25.6 for a test condition that was similar to those in the first experiment

[13].

Meanwhile, other studies investigated the precision and accuracy of force direction perception
with entire hand and arm. Van Beek et al. [14] applied forces parallel to the ground to a
handle held by subjects, and studied both the effects of force magnitude and direction. All
subjects had their hand fixed with the same geometry and no hand movements were allowed.
Results showed that force magnitude does not impact the directional perception and that this
applies to both left and right-handed people. With the hand stationary, the error between
the physical force and perceived force was large, with a difference as much as 60 and an
average of roughly 10 15 (the exact value was not specified in the paper). Furthermore,

an anisotropic force magnitude and directional perception error pattern was found. This



error was not caused by arm geometry as all subjects had their arm in the same pose.

A follow-up study [15] found that this anisotropic error was subject-based. For half of the
subjects, subjects had a self-consistent error pattern over time and the error pattern was
unique to each subject. Van Beek was unable to explain the cause of the error pattern, but

determined that subject-based internal factors contributed to it.

The force perception accuracy of horizontal forces was also studied by [16] with a force-
producing joystick. During the test, the joystick randomly produced a reference force and
test force in pairs. All test forces were either 5,10 , or 15 away from the reference force,
and subjects were asked to determine if the test force was to the left or right of the reference
force. Results showed that with a 5 difference, subjects identified the direction with close
to 50% accuracy (i.e. they guessed randomly), and with a difference of 10 they achieved
69% accuracy. The highest accuracy was 82.7% with an angular difference of 15 . They
found that force directional perception was not uniform, further supporting the anisotropic
error pattern mentioned by previous study. Furthermore, the results showed that tests with

forces coming from the center had higher accuracy compared to the sides.

Experiments by Gwilliam et al. [17] examined how well people could reproduce a force’s
direction when they held onto a force-producing joystick handle. The handle produced a
force, then the subject had to duplicate it. They found that the mean error was around 1
degree but the standard error was 22.9 . In their study, the force was pulsed, ramping up
over 300ms, held constant for 300 ms, and returning to zero over 200ms, which was much

shorter than in other experiments mentioned here.

Toffin [18] studied the relationship between physical force and perceived force by doing a
matching task. Subjects experienced a reference force and then immediately after felt a test

force, the angle of which they could change with a knob until it aligned with the reference



force. They found a very small average error of < 1 , with individual subjects having average

errors up to 4 .

The studies described thus far were conducted with the arm stationary. However, we are
interested in the impact of hand movement on force perception. Yang et al. [19, 20] did
several studies about the force direction JND during hand motion. Subjects had their arm
fixed, and held a stylus attached to a Phantom force feedback device in their hand. Subjects
were instructed to move the pen from left to right with constant speed while determining if
they can notice differences between different pairs of test force and reference force. The test
procedure were very similar to the experiment done by Tan et al. [12], and forces were in
frontal plane. Yang repeated the experiment with different hand movement speeds. Results
showed a perception threshold of 32 | similar to the finding by Tan. They also found that

the hand movement speed did not seem to impact the result.

Amemiya et al. [21] examined the force direction perception of the hand with a vibrating
puck rather than applying a physical force. Two experiments showed that both rotational
and translational limb movement used to explore the force direction improved the precision
of directional force perception. In contrast, a different group found that exploratory motion

impaired tactile sensitivity [22].

The arm geometry changes as the arm moves. To study the effect of arm and hand movement
on directional force perception, it is valuable to understand how arm geometry impacts the
force directional perception without movement first; several groups examined this. Onne-
weer [23] conducted several studies about the relationship between arm geometry and force
perception. By asking subjects to reproduce linear position under resistant forces, Onneweer
found that the resistant force magnitude does not affect the position reproduction error. On-
neweer also tested the force reproduction in both magnitude and direction for four different

arm postures in 8 different force directions. An anisotropic, elliptical perception distortion



was found for both direction and magnitude perception, with the major axis of the ellipse
(least-accurate direction) crossing the hand and the shoulder joint. This elliptical distortion
supported Van Beek’s findings, but contradicted Elhajj’s findings, which showed that the
direction connecting the hand and shoulder should be the most accurate direction. Finally,
Onneweer investigated the relationship between the elbow joint angle and force reproduction
error. The force reproduction ellipse changes as arm posture changes rather than the force
magnitude. This indicates that the arm geometry affects both the direction and magnitude

force reproduction error.

Tanaka [24] did a similar experiment but studied the shoulder joint’s effect on force percep-
tion. The result is consistent with Onneweer’s findings. The results showed that the direc-
tional perception of hand changes according to the angle of the shoulder joint. Asymmetric
elliptical magnitude distortions were found with the major axis, being the least accurate,

crossing the hand and shoulder joint.

In summary, there have been many studies related to force feedback perception and repro-
duction of human arm, hand and fingers. These studies focused on different aspects such
as the JND of different joints, the force direction and magnitude accuracy, or the arm ge-
ometry. Based on these findings, it appears that, first, proprioceptive sensors in the finger
could potentially be giving information to the user. Second, magnitude does not affect the
force localization accuracy. Third, asymmetric distortions exist and arm geometry is an
important factor in this distortion. Fourth, there are subject-based error patterns, and the

force perception error can vary quite a lot.

However, there have been few studies that involve movement. No prior work has been con-
ducted that includes movement of the whole arm, including the wrist, elbow and shoulder
while determining force localization accuracy detected by the hand and arm. We are inter-

ested in understanding the effects of motion on the directional accuracy of force perception.



Practically, it is frequently impossible to remove all arm motion when conducting force feed-
back with the hands. If arm movement improves accuracy, then it should be facilitated
during teleoperation for better haptic communication. Conversely, if arm movement reduces
accuracy, teleoperation systems could seek to eliminate this effect. Thus, we studied the

directional accuracy of force perception during motion using the whole arm.

Beyond investigating how well people could localize forces with a stationary hand versus how
their accuracy changed if they moved their arm in specified directions, we also investigated
the effects of subjects’ being able to follow the direction where they perceived the force
to be originating from. This scenario may be more applicable in situations such as joint
manipulation of objects by two people or by people and robots, where the two parties need
to achieve a common goal and information can be transmitted haptically through contact

with the object.

In our experiment, we used a virtual reality (VR) environment to both provide forces to
users and measure their feedback. In the VR environment, the user can choose the direction
from which the force originates by pointing to it directly. In this manner, the user’s selection
of the force direction is naturally correlated with the physical space, as opposed to their
choosing a direction on a computer screen like many previous studies. Also, we asked the
user to look at where the force was originating from, and we collected head position, for an
alternate way of force localization. Compared to previous studies, ours is the first to use a

VR environment.

For comparison, in previous studies, there have been two popular methods of testing force
feedback: distinguishing between a test and reference force, and reproducing a force. The
first method allows the measurement of a user’s perception precision and accuracy only
indirectly, while the second method involves proprioceptive skills, which might affect the

result unexpectedly. With VR, our test method improves on each of these issues.



In the rest of this manuscript, we first present our experimental setup and methods, then

describe our results and present a discusssion.
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A convenience sample of N = 14 individuals was selected. They were 21:0 1:4 years old, 7
were male, and 7 were female. All subjects were volunteers associated with Virginia Tech.
On the scheduled day for testing, subjects signed the consent form before participating in the
study. This process was approved by the Virginia Tech Institutional Review Board (IRB#
17-904).

0 A

We developed a custom force-feedback apparatus to display physical forces to a person
(Figure 2.1). The system includes a 1m-long swing arm that rotates about a central pivot
point; at the far end of the swing arm a winch (“Force Winch”) winds a string up around
a spool, creating a controlled force on the string. The string is connected to the top and
bottom of a 2.54cm diameter PVC pipe which the user holds in the center. The string
was attached in a way such that forces on the string pulled the handle evenly and did not
introduce any torque. The moving winch is composed of a Maxon EC 4pole 30 100W motor
directly connected to a spool of diameter 21mm. This provides forces on the string of up
to 1.87 Newtons. A second winch (“Positioning Winch”) is similar but includes a gear ratio
of 6.25:1 between the motor and spool using a timing belt. This winch is connected to the

swing arm with a string, and is used to control the position of the swing arm, moving it
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Figure 2.1: Overview of the system used in the experiment.

to different locations. Since the Positioning Winch can only provide tension in the string,
a second string is connected to the opposite side of the swing arm, which extends over two
pulleys and connects to a weight. This provides a constant force to the left opposing the

force from the stationary winch, which pulls to the right.

An HTC Vive virtual reality system was used to create a virtual display for the participant
and also to track the positions of everything in the experimental setup. Subjects wore an

HTC Vive head mounted display (HMD), held an HTC Vive controller in their non-dominant
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Figure 2.2: A, Top view of the VR environment in experimental conditon 1 (Stationary
condition). From top to bottom, the objects are: indicator box; arc of wall; HTC Vive
controller with ray cast; VR guiding box with VR sphere in it. During the Stationary
condition, subject was required to maintain the VR sphere, which is the location of the
handle tracker, inside the VR guiding box. The VR guiding box is a different shape and
orientation for other conditions. B, First person view in the VR environment. The Indicator
box turns green to signal the start of the trial and turns red once a selection is made. A
selection is made by pointing the ray cast from the HTC Vive controller toward the arc and
pulling then releasing the trigger. The head orientation, as measured by the VR headset,
was recorded when the trigger was released.

hand, and held the PVC pipe handle in their dominant hand. In addition to an HTC HMD,
subjects also wore overhead-style hearing protection to isolate any audio distractions. Three
HTC Vive trackers were used to track the PVC handle, swinging arm pivot point, and motor
winch guiding hole, respectively. For convenience, we refer to these three trackers the “handle

2

tracker,” “pivot tracker,” and “winch tracker” (see Figure 2.1).

Subjects were seated in an upright chair which was positioned far enough back so that the
handle’s strings would clear the pivot tracker when the subject’s arm was fully extended.
Subjects were placed so that their dominant hand was directly behind the pivot of the swing
arm. During the experiment, the force winch exerts a very small unnoticeable force on the
PVC handle at all times to keep the string in tension. When forces are applied, the force
gradually ramps up to 1.87N within 2 seconds to pull the PVC handle. There are nine preset

positions 32, 24, 16, 8 ,and 0, where O is perpendicular to subjects’ chests. The
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