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ABSTRACT

In virtual reality (VR) applications, humans experience the provided
content not only through the visual and auditory systems but also
through the somatosensory system. Thus, we decided to conduct a
VR study to further explore the just noticeable difference (JND) of
tactile feedback to understand humans’ perceptions of tactile stimuli.
Our VR study examined the JND in terms of the intensity, duration,
and frequency of tactile feedback provided through commercially
available vibrotactile motion controllers, the Oculus Quest 2 con-
trollers. We instructed participants to report whether they perceived
a difference between a reference (variation) and a testing stimulus
at each point in the experiment for a different property (intensity,
duration, and frequency) of tactile feedback. We report both positive
and negative JND values for the three properties of tactile feedback.
We discuss our findings and limitations and provide directions for fu-
ture studies regarding tactile perception for commercially available
tactile feedback devices.

Index Terms: Human-centered computing—Human computer in-
teraction (HCI)—Interaction paradigms—Virtual reality; Hardware—
Communication hardware, interfaces and storage—Tactile and hand-
based interfaces—Haptic devices

1 INTRODUCTION

Tactile feedback is the physical response on a device from user input,
simulating the sensation of touching and tapping. The presence
of tactile feedback in virtual reality (VR) applications provides
users with a more realistic experience while interacting in virtual
environments, and it has become an important factor in fortifying the
sense of embodiment in immersive environments [6, 11, 32, 63]. The
use of such technology makes it possible to apply tactile feedback
to the feet [49], upper body (chest and back) [8, 23], fingertips
[60], hands [10, 62], and arms [37]. Tactile feedback has been
widely applied in different areas, such as mobile interaction [3],
social interaction [8, 28–30], augmented reality [2], surgery [26],
and games [9].

In the past, psychophysics studies [16, 43, 52, 58] explored how
humans differentiate tactile feedback in terms of intensity and fre-
quency, which provides a better understanding of how humans per-
ceive tactile feedback. Researchers have used self-made haptic
devices, such as wearable controllers [57], fingertip vibrators [54],
and vibration chairs [43]. To the authors’ knowledge, no studies have
been conducted so far on estimating the just noticeable difference
(JND) value—in psychophysics, which is a branch of experimental
psychology, and according to Weber’s Law,1,2 a JND is the amount

*e-mail: cui60@purdue.edu
†e-mail: cmousas@purdue.edu

1http://apps.usd.edu/coglab/WebersLaw.html
2https://www.britannica.com/science/Webers-law

a stimulus must be changed for a difference to be noticeable, de-
tectable at least half the time (absolute threshold)—for virtual reality
(VR) controllers’ tactile feedback.

JND can help people understand differences and assist with mea-
suring subjective sensitivity to the variation of vibrotactile feed-
back [42]. The application of JND is essential for cases that re-
quire special attention to detail. In the case of VR training applica-
tions [67], VR developers might need to create training scenarios
that require trainees to pay attention to specific complex actions
by providing the least noticeable tactile feedback. For example, in
engineering training applications, such as maintenance of induc-
tion motors [4], workbench assembly and failure detection can be
complex and challenging, requiring extreme caution. Thus, more
appealing differences in vibrotatcile feedback compared to other
responses are essential. Developers can also apply JND values
for tactile feedback parameter calibration in the user interface [39].
Other cases like the surgical simulator and virtual prototyping [55]
can also be applicable cases that require additional caution. Thus,
knowing how people perceive the minimal differences for each prop-
erty of tactile feedback could help developers inform users more
about different situations. For our study, we developed a VR as-
sembly application and instructed participants to interact with the
provided stimuli and report any potential differences between the
properties of tactile feedback. We explored positive and negative
variations in the intensity, duration, and frequency of tactile feed-
back from a commercially available vibrotactile motion controller,
the Oculus Quest 2. We aimed to answer the following research
questions:

• RQ1: What are the positive and negative intensity JND for the
Oculus Quest 2 controller?

• RQ2: What are the positive and negative duration JND for the
Oculus Quest 2 controller?

• RQ3: What are the positive and negative frequency JND for
the Oculus Quest 2 controller?

• RQ4: Do the positive and negative JND data for the three
examined tactile feedback properties correlate?

We have structured this paper as follows. In Section 2, we discuss
work related to our study. In Section 3, we present the details of
the methodology followed. In Section 4, we report our results. In
Section 5, we discuss our findings and limitations. Finally, in Section
6 we conclude and discuss potential directions for future work.

2 RELATED WORKS

Humans have a complex somatosensory system that provides rich
sensations and interactions with the physical world. A vast array
of sensors is embedded in our skin to sense different stimuli. For
example, hairy and glabrous skin (i.e., skin that does not contain
hair follicles, such as that over the palms and soles) and finger-
tips in human hands are responsible for sensing tactile feedback
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through mechanoreceptors, which sense mechanical stimuli, such as
pressure, skin stretch, and vibrations [13, 53]. However, the sensi-
tivity of the human body depends on the distribution and density of
mechanoreceptors [36].

Researchers have developed custom devices or used commer-
cially available ones to understand how people sense tactile feed-
back. Commonly used tactile/haptic devices include wearables (e.g.,
haptic vests [15]), novel actuators (e.g., vibrotactile controllers, such
as Haptivec [5]), and haptic toolkits (e.g., the Phantom Arm [40]).
The most common types of tactile devices in VR are vibrotactile mo-
tion controllers. Both commercial and custom-made VR vibrotactile
motion controllers provide a high degree of freedom and precise
interaction with virtual objects [7, 61]. Moehring and Froelich [46]
found that vibrotactile motion controllers provide better performance
for VR users, and Lin and Schulze [35] reported that vibrotactile
motion controllers generate a more reliable VR experience. More-
over, motion controllers were capable of mapping vibrotactile stim-
uli to different events and tasks, such as collision [50], grasping
objects [10], shooting [31], selection confirmation [65], direction
indication [48, 51], abstract communication [51], and dexterous
manipulation [21, 56].

Using tactile feedback devices, researchers have attempted to
understand the importance of tactile feedback and how it impacts
humans’ perception. Lundström [38] explored different parts of
hands’ impedance and concluded that the highest sensation area
was at the fingers, while the lowest sensation area was at the palm.
Lo and Johansson [36] explored regional differences in vibration
sensitivity in the glabrous skin of the hand. They discovered that the
psychophysical detection threshold decreases as frequency increases,
and the threshold was minimal at 200-300 Hz.

So far, researchers have used two terms to describe the minimum
level and frequency that humans perceive [44,45,57]: just noticeable
differences in level (JNDL) and just noticeable differences in fre-
quencies (JNDF). The level is the difference Limen for intensity (in
dB), and the frequency is the number of vibrations within a certain
amount of time (in Hz). Goff [16] conducted a fingertip vibrotactile
stimulation study to understand the differential discrimination of fre-
quency. In the experiment, Goff used five frequencies (25, 50, 100,
150, and 200 Hz) at the same level (20 dB above the threshold) and
found that participants could discriminate frequencies below 100 Hz.
Rothenberg et al. [58] followed a similar approach by applying vi-
brotactile feedback on the forearm using sinusoidal signals between
25-500 Hz. The highest level was 14 dB above the threshold. The
frequencies that Rothenberg et al. [58] suggested for detecting differ-
ences were between 4-75 Hz. Merchel and Altinsoy [43] explored
whole-body tactile sensation discrimination. They used a vibration
chair with four sinusoidal frequencies (20, 40, 80, and 160 Hz) and
set the vibration acceleration level peak at 100 Hz. The measured
JNDF was approximately 7-66 Hz.

Matsumoto et al. [41] conducted a study to discover differences
in vibration magnitude in a whole-body experiment. Participants
seated on the electromagnetic shaker experienced six frequencies (4,
8, 16, 31.5, 63, and 80 Hz). The researchers modified the magnitude
variation by .25 dB between trials, and they found that .50 dB was
the JNDL for seat vibrations. Griffin and Whitham [18] took a
similar approach to exploring the effect of impulsive whole-body
vibration using a vibration seat. They used four frequencies (4, 8, 16,
and 32 Hz) with a duration between 1-4 s. They reported a median
range of less than 1 dB for the JNDL. Furthermore, Morioka and
Griffin [47] focused more on the threshold for intensity perception of
vertical whole-body vibration. They used two frequencies (5 and 20
Hz) and two different magnitudes (.10 and .50 m/s rms). After each
trial, they applied an increase of .25 dB to the magnitude, and they
defined a range of .92-.75 dB as their JNDL. We should mention
that neither Griffin and Whitham [18] nor Morioka and Griffin [47]
reported a relationship between JNDL and frequency; thus, they

hypothesized that JNDL is independent of frequency.

3 METHODOLOGY

We present the methodology we followed in this study in the subsec-
tions below.

3.1 Experiment Participants
We recruited 60 participants from our department for our study.
Forty-two were male (M = 18.65, SD = 1.74), and 15 were female
(M = 19.02, SD = 4.42). Three participants identified themselves
as non-binary/other gender (M = 18.33, SD = .47). Twenty partici-
pants did not have any prior VR experience. The other participants
had little (less than an hour) or some experience (more than an hour)
with VR. All participants volunteered for this study and completed
the entire experiment by providing responses in the application.

3.2 VR Application
We developed a VR assembly application for the JND study in Un-
real Engine 4 and deployed it on an Oculus Quest 2 head-mounted
display (HMD). For our study, the visual elements are essential. We
are examining tactile feedback for VR purposes. Specifically, when
we perceive tactile feedback in VR, visual elements are always pro-
vided to the user. Therefore, it is crucial to understand how people
perceive tactile feedback in the presence of visual elements. The
application included two sections: the tutorial (shown in Figure 1)
and the testing (shown in Figure 2). We implemented the tutorial
to provide our participants with instructions regarding the opera-
tion and familiarize them with the VR controllers. Researchers in
a previous study demonstrated the improved performance of VR
users when they were provided with tutorial-based instructions for
controllers [24]. The tutorial was straightforward, as it only con-
tained a gear part, a transparent target gear slot, and a red button
that began the testing. Participants were free to move around and
try out the assembly process by grabbing the gear using the grip
button on the controller and placing it onto the transparent target
slot. When the gear part was close to the transparent target slot, it
automatically snapped onto the slot to stay in place. The participants
could manipulate the gears by grasping them with virtual hands that
they controlled using the VR controllers. We used realistic hand
models, assigning male or female hands to our participants based
on their demographic responses. If they preferred not to say what
gender they were, hand models were randomly assigned to them.
When the participants were ready for the testing section, they could
press the red button to continue.

The testing section included a long counter with two gears and
two transparent slots (see Figure 2). To estimate the JND for the
three properties (intensity, duration, and frequency) of the VR con-
trollers, we adjusted the corresponding values of one of the gears.
Specifically, one of the two gears was the reference, which con-
stantly provided the reference stimuli, and the other was the com-
paring, which provided the altered stimuli. We used Oculus Quest
2 controllers to provide tactile feedback to our participants. These
controllers were able to generate vibrotactile feedback with a maxi-
mum frequency of 320 Hz using linear resonance actuators (LRA).3
Moreover, Oculus developer documentation suggests that the Oculus
Quest 2 controller has less than 10 ms latency.4

For the intensity property, we assigned to the reference gear
an intensity of .50 m/s, and the comparing gear provided a value
between .10-1.00 m/s, excluding .50 m/s, (i.e., .10, .20, .30, .40, .60,
.70, .80, .90, and 1.00 m/s). The 1.00 m/s intensity corresponds to a
normalized value, which is also the maximum value we can assign

3https://developer.oculus.com/documentation/native/pc/dg-input-touch-
haptic/

4https://developer.oculus.com/documentation/unity/unity-utilities-
overview/
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Figure 1: This figure shows the tutorial of the VR application we
developed. A counter was placed in front of the participants. On top
of the counter was a dark gray gear that we instructed the participant
to grab and place in the position of the transparent gear using the
Oculus Quest 2 controller. The latter denotes the target spot. We
asked the participants to press the red button once they had finished
the task and felt ready for testing.

Figure 2: This figure shows the testing section of the VR application
we developed. We instructed the participants to assemble both gears
on the two transparent slots (the second slot appeared on the right
side after the participant placed the first gear into the transparent
slot). After the participants assembled both gears, a question and two
answer buttons asked them whether they perceived any difference
in the two examined variations of tactile feedback. The participants
answered the question by tapping the button of their choice.

to the Oculus Quest 2 controller using Unreal Engine 4. We used
values between .10-.40 m/s to estimate the negative intensity JND
and values between .60-1.00 m/s to estimate the positive intensity
JND. We set the duration at 1.00 s and the frequency at 100 Hz
during this part of the experiment.

From previous research, we know that providing continuous tac-
tile feedback over a specific amount of time can cause a distraction
to the participants [25]. Furthermore, human perception of tactile
feedback reaches a minimum threshold when the stimulus duration
is 1,000 ms (1 s) [44]. Thus, for the duration property, we decided
that the reference gear would provide a constant duration of .50 s,
and the comparing gear would provide a duration value between .10-
1.00 s, excluding .50 s (i.e., .10, .20, .30, .40, .60, .70, .80, .90, and
1.00 s). We used values between .10-.40 s to estimate the negative
duration JND and values between .60-1.00 s to estimate the positive
duration JND. We set the intensity at 1.00 m/s and the frequency at
100 Hz for this part of the experiment.

Because human mechanoreceptors have a frequency perception
range of 10-1,000 Hz [12], we decided to follow the previous JNDF
studies [16, 43, 58] and establish a lower frequency range for this
study because the Oculus Quest 2 controllers are only capable of
providing vibrotactile feedback within this range. Thus, for the
frequency property, we assigned the reference gear a frequency of

100 Hz, and the comparing gear provided a frequency value between
50-150 Hz, excluding 100 Hz (i.e., 50, 60, 70, 80, 90, 110, 120, 130,
140, and 150 Hz). We used values between 50-90 Hz to estimate the
negative frequency JND and values between 110-150 Hz to estimate
the positive frequency JND. We set the intensity at 1.00 m/s and the
duration at 1.00 s for all trials. To summarize, besides the examined
values that we changed across the trials for each property of the
tactile feedback, the rest of the tactile feedback properties remained
the same for each examined property. There were nine trials for each
tactile feedback property in this experiment, for a total of 27 trials.
Finally, note that we did not design false positive trials for this study.

3.3 Procedure

We conducted our study in our research lab (shown in Figure 3 [left]).
Upon the participants’ arrival, we handed them the consent form
approved by the institutional review board of our university. We
then asked the participants to read and sign the consent forms upon
their agreement. After the participants signed the consent forms,
we asked them to provide demographic information in Qualtrics, an
online survey tool. Then, we assisted the participants in setting up
the HMD and adjusting the size to fit their heads. After the necessary
adjustments and indications that they were ready for the study, we
started the tutorial application for the participants. We asked the
participants to experience the tutorial first to familiarize themselves
with the operation and controllers. We then instructed them to begin
the testing once they were ready.

Figure 3: Left: A participant in our lab space experiencing the devel-
oped application. Right: A first-person view during the experiment
testing.

The participants could perceive tactile feedback only when grab-
bing the gears. We instructed the participants to place both gears
in the two transparent slots in the testing section. The participants
were able to decide on the grabbing order and the slot destination.
After they finished assembling both gears, our application rendered
a question in black text on the back wall (see Figure 2), asking the
participants, “Is the tactile feedback different?” Then, two buttons
appeared on the counter with “Yes” and “No” answers. If the par-
ticipants agreed that they had sensed different tactile feedback, they
pressed the “Yes” button and vice versa. Participants could grab the
gears repetitively to keep comparing the difference until they had
a response. When the participants pressed any answer button, our
application loaded the next trial. At the beginning of every trial,
although the two gears appeared at the same location, the reference
gear and the comparing gear were randomly assigned to either the
left or right location, which was randomly chosen by our system, so
that participants were not able to differentiate based on the gears’ po-
sitions. The application ended once the participants experienced all
the examined tactile feedback properties and their testing variables.

As mentioned earlier, we asked participants to first try to sense
the vibration from both gears and then answer the provided ques-
tion. The responses from the participants were recorded in a CSV
file under the application folder, indicating the comparing gear’s
intensity/duration/frequency and the answer. When the application
ended, participants took off the headsets. Across the three parts
(tactile feedback properties) of our experiment, we provided our
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(a) (b) (c)

Figure 4: The (a) intensity, (b) duration, and (c) frequency JND graphs. The blue line indicates the responses regarding positive differences, and
the red line shows the responses regarding negative differences. We illustrate the 75% threshold for the JND with a black horizontal line.

participants with the chance to take a five-minute break. We first
randomized the three properties (intensity, duration, and frequency)
and then the examined variables for each property based on the
Latin square balancing method [66] to eliminate first-order carry-
over effects. After participants completed all three tactile feedback
properties, the researchers answered the participants’ questions. Fi-
nally, the participants were thanked and dismissed. Each participant
spent no more than 30 minutes completing the study.

In light of the COVID-19 pandemic and to follow our institution’s
instructions, we set a 30-minute gap between participants to mini-
mize infection risk. Participants were either vaccinated or followed
our university’s guidelines regarding regular testing for COVID-19.
We let the participants sanitize their hands upon arrival and asked
them to wear face masks. Moreover, we provided them with VR
sanitary masks to protect them from the spread of COVID-19. In
addition, the research team carefully sanitized all equipment and
furniture before and after each participant’s turn.

4 RESULTS

To analyze the collected data, we used a 75% correct discrimination
threshold, which is a standard threshold used in JND studies [1, 34,
59]. We estimated the JND of the three different properties of tactile
feedback as the point at which 75% correct discrimination occurs.
We used linear interpolation, similar to Lee et al. [33], to fit the data
set. Lastly, we would like to note that no participants reported any
effect of mass or noise on controller vibration.

4.1 Intensity
We analyzed the responses for a noticeable difference between the
participants for the examined variable within the application. Table
1 summarizes the intensity JND results. Most participants reported
noticeable differences at the .10 m/s offset for both negative and
positive values. We used a line graph to visualize the total number
of responses regarding intensity differences (see Figure 4(a)). For
positive intensity JND, we found the cumulative 75% JND value to
be .128 m/s, and for negative intensity JND, we found the cumulative
75% JND value to be .092 m/s. Moreover, based on the cumula-
tive data, it is clear that all participants could sense the difference
when the intensity offset was greater than .30 m/s in both positive
and negative. To further understand our findings, we conducted
a Pearson bivariate correlation analysis between the negative and
positive cumulative intensity scores. We found a positive correlation
(r[5] = 1.000, p = .000).

4.2 Duration
For the duration of the JND, most participants reported a noticeable
negative difference at .10 s offset (73.33%), while a smaller number
(43.33%) reported a noticeable positive difference at .10 s offset.
We also found that 15% of the participants noticed a difference at
a positive .50 s offset. As for negative differences, all participants

Table 1: Percentages of JND intensity results in the collected data.

Offset Negative (%) Negative Cumulative (%) Positive (%) Positive Cumulative (%)

.10 m/s 81.67 81.67 66.67 66.67

.20 m/s 16.67 98.33 30.00 96.67

.30 m/s 1.67 100.00 3.33 100.00

.40 m/s 0.00 100.00 0.00 100.00

.50 m/s 0.00 100.00 0.00 100.00

could perceive the difference within a .30 s offset. Table 2 and Figure
4(b) illustrate the results for the duration of the JND. According to
our calculations, the positive duration JND at 75% was .240 s, and
the negative duration JND at 75% was .108 s. Lastly, the correlation
analysis between the negative and positive cumulative scores for the
JND duration showed a positive correlation (r[5] = .921, p = .026).

Table 2: Percentage of JND duration results in the collected data.

Offset Negative (%) Negative Cumulative (%) Positive (%) Positive Cumulative (%)

.10 s 73.33 73.33 43.33 43.33

.20 s 21.67 95.00 25.00 68.33

.30 s 5.00 100.00 16.67 85.00

.40 s 0.00 100.00 0.00 85.00

.50 s 0.00 100.00 15.00 100.00

4.3 Frequency
Regarding the JND frequency, we found that 75% of participants
could sense the difference within a 30 Hz offset for positive and
a 20 Hz offset for negative. We also found that 18.3% (3.3% for
40 Hz and 15% for 50 Hz) to 25% (5% for 40 Hz and 20% for
50 Hz) of participants were only able to sense the difference at
a 40 Hz offset or higher for both positive and negative directions.
Moreover, we found that the 75% positive frequency JND was 23.30
Hz and the 75% negative frequency JND was 30 Hz. The correlation
analysis between the negative and positive cumulative frequency
scores showed a positive correlation [r(5) = .985, p = .002]. Our
results are summarized in Table 3 and illustrated in Figure 4(c).

Table 3: Percentages of JND frequency results in the collected data.

Offset Negative (%) Negative Cumulative (%) Positive (%) Positive Cumulative (%)

10 Hz 41.70 41.70 51.30 51.30
20 Hz 15.00 56.70 10.40 71.70
30 Hz 18.30 75.00 10.00 81.70
40 Hz 5.00 80.00 3.30 85.00
50 Hz 20.00 100.00 150 100.00

5 DISCUSSION

We aimed to explore the JND for VR vibrotactile motion controllers
(the Oculus Quest 2) for three tactile feedback properties (intensity,
duration, and frequency). We discuss our findings and our study’s
limitations in the following subsections.
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5.1 JND for Intensity
We found that the positive JND value for intensity was between
.10-.20 m/s, and the negative JND value for intensity was slightly
less than .10 m/s. For the positive difference, the JND percentage
was between 20-40%, and for the negative difference, the JND
percentage was approximately 20%. Previous tactile feedback JND
studies found JND percentages of a minimum of 10% [1] and a
maximum of 18-20% [27,54]. Therefore, the JND intensity we found
was consistent with previous studies. This JND range could be due
to the mechanoreceptors humans have in glabrous skin. According
to psychophysical studies, the center of the hand is very sensitive
[17, 38]; therefore, participants could sense the difference in the
controller feedback with minimal unit variation.

5.2 JND for Duration
We found the positive JND value for the duration was between
.20 and .30 s, and the negative JND for the duration was slightly
more than .10 s. We observed that participants were more sensitive
to negative variations than to positive variations, as illustrated in
Figure 4(b). Several participants did not sense any difference until
a positive .50 s offset occurred. This finding could be due to the
adaptation of tactile feedback. Hollins et al. [22] and Hahn [19]
confirmed that having a longer duration of tactile feedback would
reduce the sensation threshold over time. The sensation threshold
was not affected by vibration with a duration of less than .50 s but
gradually decreased with vibrations of more than .50 s. In addition,
longer vibrations generated more energy integration with the hand.
Temporal energy exceeding a certain amount would also decrease
tactile perception [64].

5.3 JND for Frequency
We found a positive JND for the frequency at 23.30 Hz and a nega-
tive JND at 30 Hz. Unlike the other two tactile feedback properties
(intensity and duration), the sense of frequency with handheld con-
trollers varied among participants. This variation was especially true
when the participants reported differences in every individual value.
Very few data existed for JNDF due to difficulty eliminating potential
properties (e.g., intensity and duration differences) for tactile per-
ception in previous studies [16, 58], in which researchers used older
devices and had less control over those properties. Goff [16] asserted
that JNDF for fingertip stimulation is between 8-100 Hz. Since fin-
gertips are more sensitive to tactile feedback than the palm [36],
we think the 75% accumulative JNDF in our study (20-30 Hz) is
appropriate.

5.4 Correlations Between Positive and Negative JNDs
For all three properties of tactile feedback, we found strong positive
correlations. In previously conducted studies, researchers reported
that positive and negative JNDs were symmetrical [14, 20]. Our
results aligned with past findings, which indicated that the positive
and negative JNDs for the three tactile feedback properties were
strongly associated and, therefore, symmetrical. Participants were
able to sense in a similar way the difference in tactile feedback with
both increasing and decreasing properties.

5.5 Limitations
There were several limitations to our study. First, most of our partic-
ipants were students from our department. Although we think that
those age groups use VR devices more commonly, our results do
not represent the general population. Second, although we aimed
to collect data from all genders, there was still a dominant number
of males compared to females. This imbalance may explain why
we could not observe potential gender differences in the JND data.
Third, a limitation was the small range of values we used to explore
the JND for different tactile feedback properties. Moreover, we

examined only one set of frequency ranges (50-150 Hz). We as-
sumed that there could be different JND values for different ranges.
Fourth, we did not control the vibration sound generated by the
tactile actuators of the controllers. Last, we could not compare the
differences between active and passive tactile feedback as active
movement can lead to lower tactile sensation [9]. We think that
in future studies, researchers should explore additional reference
stimulus values to better understand the JND of tactile feedback in
commercially available vibrotactile motion controllers.

6 CONCLUSIONS AND FUTURE WORK

We conducted a JND study of tactile feedback in commercially
available VR vibrotactile motion controllers (the Oculus Quest 2
VR controller) to explore their intensity, duration, and frequency
properties. We asked the participants to sense the two stimuli by
grabbing the two gears in the virtual environment and answering
whether the two gears provided similar or different tactile feedback.
By analyzing our collected data, we found two (positive and nega-
tive) intensity JND values (positive: .128 m/s; negative: .092 m/s),
duration JND values (positive: .240 s, negative: .108 s), and fre-
quency JND values (positive: 23.30 Hz, negative: 30 Hz). We think
that such JND values should be considered by VR developers when
implementing tactile feedback variations in their applications.

In future studies, we propose to examine other factors that can
potentially affect JND, such as the applied area of tactile feedback
and other vibrotactile motion controllers (e.g., the HTC VIVE con-
troller). Especially for vibrotactile motion controllers, we want to
explore whether the different shapes of such controllers could poten-
tially affect the noticeable differences reported by participants. In
addition, we want to explore more precise control of various aspects
of tactile feedback in terms of intensity, duration, and frequency so
that we can further explore JNDL and JNDF.
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