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Influence of Longterm Duration and Damping Shapes to Perceived
Intensity for Vibrotactile Stimulation
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Abstract— Haptic information has been shown to improve
various experiences and accuracy of movement. However, the
perceived intensity is known to be influenced by various
parameters of the vibrotactile stimuli. Not only the amplitude
but also the length of a short-term duration, the presence of
a decaying factor, and the shape of the waveform affect the
subjective intensity. In this paper, we investigated the influence
of different damping shapes and duration on the perceived
intensity. We prepared four different shaped waves as stimuli; a
constant sinusoidal wave, an exponential decaying shaped wave,
a linear decaying shaped wave, and a logarithmic decaying
shaped wave, and six different long-term durations of up to 3
seconds for each waveform. Ten participants took part in the
experiment to see how strong the intensity was perceived for
each stimulus. The results indicated that the damping shape
of the samples affects the perceived intensity in the order of a
constant sinusoidal wave, a logarithmic decaying shaped wave,
a linear decaying shaped wave, and an exponential decaying
shaped wave. Also, the results suggest the representation of the
time-averaged energy to the perceived intensity.

I. INTRODUCTION

Haptic information has been investigated in various fields
to improve the experience and accuracy of operations and
guiding movements. For example, in the field of virtual
reality, adding haptic information to the visual and auditory
environments improves the sense of presence and immersion
[1], as well as reducing the awkwardness stemming from a
disconnect with reality [2]. In 2D navigation, changes to the
frequency and amplitude of vibrotactile stimuli directly affect
performance and comfort [3]. As an example of substituting
different sensory information, Cancar et al. [4] demonstrated
that using vibrotactile stimuli as feedback to manipulate a
robot allowed the users to perceive time-to-contact properties
in real environments, which also improved performance.

Vibrotactile stimuli are a common method adopted to
present haptic information. For example, Culbertson et al.
[5] demonstrated that presenting friction and texture using a
vibrotactile stimulus improves the realism of virtual surfaces.
Yamazaki et al. [6] indicated that transforming the auditorial
signals into perceivable vibrotactile stimuli and presenting
them to the upper body improves the music experience.
One reason vibrotactile stimuli are commonly used is their
ease of presenting spatiotemporal differences and charac-
teristics—such as feedback, cues, and haptic information
—by changing different parameters of the waveform. For
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example, Lylykangas et al. [7] demonstrated that different
vibrotactile stimuli can be intuitively interpreted as different
speed regulation instructions. Cipriani et al. [8] showed that
presenting short-duration stimuli to convey different levels
of force and frequency is effective in providing sensory
feedback to upper limb amputees. Nakada et al. [9] reported
that presenting vibrotactile stimulation using amplitude and
frequency modulation improves the discrimination sensitivity
for the force information compared with conventional single
modulations. Vibrotactile stimuli can also be used to repro-
duce environmental vibrations, allowing the sharing of tactile
sensations and experiences. For example, Yukawa et al.
[10] reported that presenting the measured skin-propagating
vibration on the fingertip of an advanced skill holder to a
beginner can improve the beginner’s learning speed. Vibra-
tion can also be reproduced in remote communication, and
haptic information can be shared via vibrotactile stimuli as an
additional dimension for telepresence, enhancing traditional
audiovisual communications [11]. Vibrotactile stimuli have
a variety of parameters that can be adjusted; however, some
parameters exhibit mutual interference.

Although intensity is a direct factor that affects the
cognition and comfort associated with vibrotactile stimuli,
multiple additional parameters aside from amplitude have
been reported to affect the intensity perception. Verillo [12]
reported that the shape of the waveforms affects the perceived
intensity in the order of square, sawtooth, and sinusoidal
waves. Gescheider et al. [13] discussed the presence of
damping, expecting it to reduce perceived intensity owing
to rapid adaptation. Bochereau et al. [14] reported that
lengthening the duration of a Gabor wave from 0.1 s to 0.7
s increases the perceived intensity for frequencies within 10-
300 Hz. Bensmaia et al. [15] reported that frequency power
spectra relate to perceived intensity using constant sinusoidal
waves. However, many of these studies used stimuli shorter
than 1 s, restricted experiments to a specific type of wave-
form, and failed to address waveform decay. Consequently,
the possibility that decaying the waveform into different
shapes or extending the duration in the long term may
affect perceived intensity has not been investigated. We
believe that revealing the influences of different parameters
on the perceived intensity can extend the use of vibrotactile
stimulation by allowing a more precise prediction of the
perceived difference for the presented vibrotactile stimuli.

The appliance of vibrotactile stimuli to different applica-
tions erupt many limitations such as design specifications and
the perceived difference between individuals. For example,
the maximum output voltage is relevant to the adopted
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Fig. 1. Waveform shape with the duration of 0.5 s; From the top shows

a constant sinusoidal waveform, an exponential damping shaped waveform,
a linear damping shaped waveform, and a logarithmic damping shaped
waveform.

interface. If the maximum output amplitude of a vibrotactile
stimulus falls short of the desired intensity, other parame-
ters can be used to enhance perceived intensity instead. In
addition, the influence between the perceived intensity and
perceived duration is bidirectional, as a stronger presentation
of vibration intensity can make the duration seem longer
which allows more possible choices to be adopted [16].
Although the shape of the waveform is capable of providing
different tactile textures [17], various applications can use
vibrotactile stimuli as cues or substitute sensory information
as feedback. For example, the usage of vibrotactile stimuli
in 2D navigation was to present direction and cues [3]. The
usage in manipulating a remote robot arm was to present the
timing the arm was about to contact something [4].

As introduced above, vibrotactile stimuli have a wide
range of presentable information with a perceivable differ-
ence thanks to multiple parameters configuring the wave-
form. In this study, we conducted an experiment to reveal
the influence of different decaying shapes and long-term du-
rations on the perceived intensity of vibrotactile stimulation.

II. EXPERIMENT SETUP
A. Stimuli

For the stimuli, we used six different durations (0.5, 1.0,
1.5, 2.0, 2.5, and 3.0 s), three different damping shapes
(linear, exponential, and logarithmic), and a constant wave
for a total of 24 samples. A frequency of 200 Hz was adopted
for all samples, as it is considered easy to perceive [18]. For
damping waves, the damping factor was calculated using Eq.
(1) where t denotes time, T' denotes duration, and a denotes
the exponent.

y=(1—(t/T)*)sin(27 ft) 1

Adjust the vibration intensi

Status: Playing Comparison Stimulus

Fig. 2. The GUI presented to the participants; the top part is a slider to
adjust the test stimulus output amplitude, the status shows which stimulus
is being presented or whether the participants should be taking a break, and
the timer starts a countdown from 3 minutes when the break is needed.

Fig. 3. The posture the participants held the vibrator; to provide vibration
to the whole hand, we put the vibrotactile actuator in a rounded cube case
sized 45x45x40 mm shown in the right side of the figure

The adopted damping shapes with a duration of 0.5 s are
shown in Fig. 1, where the exponent is set to a = 1 for
linear, a = 0.5 for exponential, and a = 2 for logarithmic.
Given that the maximum input amplitude determined by
the audio output system was 100, all waves were initially
set with an input amplitude of 50, corresponding to an
output amplitude of 7.79 pm. All samples were prepared
at a sampling frequency of 44.1 kHz.

B. Presentation System

We prepared a GUI that allowed the participants to proceed
with the experiment independently, as shown in Fig. 2.
In the experiment, the participants compared two different
vibrotactile stimuli (reference and test stimuli). The GUI,
which controlled the presentation of both stimuli, included
a slider to adjust the output amplitude of the test stimulus.
The stimuli were presented by using a vibrotactile actuator
(Foster, 646752) connected to an amplifier (Foster, ap05
mk?2), as shown in Fig. 3. The vibrotactile actuator was also
placed inside a top-rounded cube composed of PLA using a



3D printer to present the vibration to the entire hand.

III. METHOD

A. Procedure

We conducted a psychophysical experiment using the ad-
justment method to determine the effect of each parameter on
perceived intensity. As a reference stimulus, we presented the
prepared 24 samples in a random order for each participant.
For the test stimulus, we adopted a constant sinusoidal wave
of 200 Hz, along with a duration of 0.25 s to minimize
potential stress stemming from prolonged vibrotactile stim-
ulation. When the test stimulus was presented, the initial
input amplitude was set to 50, with a maximum of 100. The
reference stimuli were also presented at an input amplitude
of 50.

Ten participants (nine male, one female, aged 21-24,
nine right-handed, and one left-handed) participated in the
experiment. The dominant hand of each participant was
identified using a questionnaire [19]. Participants were asked
to hold the vibrating device, weighing 61.5 g, with their
left hand, as shown in Fig. 3, and handle the GUI using
a mouse with their right hand. During the experiment, the
participants were presented with stimuli passively, which
should leave any influence of the friction coming from the
device design low. After the reference stimulus was presented
five times, the test stimulus was presented was repeated at 0.1
s intervals until the participants submitted their answers by
pressing the submit button shown at the bottom left of Fig.
2. Once the test stimulus started repeating, the participants
were asked to control a slider bar that changed the output
amplitude of the test stimulus, ensuring that its perceived
intensity matched that of the reference stimulus. To exclude
the effects of auditorial information, the participants were
presented with white noise using noise-canceling headphones
throughout the experiment. In addition, to reduce the effect
of potential stress caused by prolonged vibration, we set a
three-minute break for every six trials. The experiment took
approximately 30 minutes for each participant.

B. Analysis

Because the collected data did not follow a normal distri-
bution, we performed an aligned rank transform [20] and then
conducted a two-way repeated measures analysis of variance
(ANOVA). The aligned rank transform allowed us to handle
non-parametric data as parametric data, between the answers
for different waveform shapes. When a significant difference
was observed, the Wilcoxon signed-rank test with Bonferroni
correction was conducted for post-hoc multiple comparisons.

Previously, the perceived vibrotactile intensity has been
reported to relate to the Pacinian weighted power spectrum
[15] and the time-averaged energy [14]. In the present study,
the energy was calculated using Eq. (2) for each waveform.
According to Parseval’s theorem, the energy in the time
domain is equal to the sum of the squared magnitudes of

932

TABLE I
ADJ. P VALUE BETWEEN THE WAVEFORM SHAPES

Shape 1 Shape 2 Adj. P Value
Constant Sinusoidal ~ Exponential Decay <.001
Constant Sinusoidal  Linear Decay <.001
Exponential Decay Linear Decay <.001
Exponential Decay Logarithmic Decay <.001
Linear Decay Logarithmic Decay 0.022

its Fourier coefficients in the frequency domain.

E=Y lynlP

Here, F represents the calculated energy, and y[n] represents
the discrete samples of the signal in the time domain.
According to Bensmia et al. [15], the Pacinian weighted
power is modulated by the sensitivity for each frequency
and represents the perception of each participant. However,
we adopted a simple vibrotactile stimulation with a single
frequency of 200 Hz. Therefore, we examined the energy
calculated for each stimulus using Eq. (2).

We also measured the acceleration for every four values
from 0 to 100 and calculated the amplitude to determine
the relationship between the audio system’s input and output
amplitudes. A linear regression model was created from the
measured accelerations and the coefficient of determination
R? was calculated. The coefficient of determination R?
was 0.99, indicating a strong linear relationship. Therefore,
the experiment and analysis were conducted under the as-
sumption of linearity. The linear regression model between
the input and the output amplitude calculated from the
acceleration is shown in Eq. (3).

2

Aoyt = 0.0834;,, + 3.63 3)

Here, A,,; represents the output amplitude in pm and Ain
represents the input amplitude value that was answered
equivalent.

IV. RESULTS

The results of the experiment are illustrated as box plots
in Fig. 4, where each waveform is denoted by color and
the amplitude that yielded the same perceived intensity for
the test stimulus as the reference stimulus is shown for each
duration. Compared to the input amplitude of 50 for the test
stimulus, the perceived intensities of the constant sinusoidal
wave and logarithmic decaying-shaped wave were close to
or slightly lower. For the exponential and linear decaying-
shaped waves, most of the perceived intensities were all
answered lower than the input amplitude of 50 for the test
stimulus.

Although the two-way repeated measures ANOVA re-
vealed a significant difference in both the duration factor
(F(5,45) 5.01,p < .001) and the waveform factor
(F(3,27) = 42.0,p < .001), no significant difference was
found in the interaction. The average equivalent amplitude
that was calculated from the different shapes for each dura-
tion and participant is shown in Fig. 5 as a box plot. Multiple
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Fig. 4. Results for the experiment; the horizontal axis shows the difference in duration and the vertical axis shows the equivalent reported amplitude. The

color difference of the box plot shows the difference of the waveforms

comparisons for the duration factor indicated a significant
difference between the reported amplitudes for 0.5 s and 1.0
s (p = 0.029), as well as a significant tendency between the
answered amplitudes of 0.5 s and 3.0 s (p = 0.059). For
the waveform factor, the multiple comparisons indicated that
there was a significant difference between each waveform
shape, except for that between constant sinusoidal waves
and logarithmical decaying waves. The adjusted p-values are
listed in Table. I. This indicates that not only the damping
of the waveform but the damping shape can affect the
perceived intensity at different levels. From the results of
the experiment, the constant sinusoidal wave yielded the
strongest perceived intensity, followed by logarithmic decay
and linear decay, with exponential decay being perceived as
the weakest.

To determine how strongly the participants perceived the
intensity, we conducted a Wilcoxon signed-rank test with a
Bonferroni correction between the output amplitude of the
reference stimulus (50: 7.79 pm) and reported amplitude for
each waveform shape. Significant differences were reported
for all shapes except the constant sinusoidal waveform. The
adjusted p-values for the other three damping waveforms
were all p < .001. These results indicate that damping the
waveform may result in the perception of a lower intensity
irrespective of shape.

Fig. 6 shows the calculated energy of each waveform shape
for each duration. From the results, we can see that the
constant sinusoidal wave had the strongest energy, followed
by the logarithmic decaying-shaped waves, the third was the
linear decaying shaped waves, and the exponential decaying
shaped wave had the lowest energy for each duration. Fig.
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7 shows a scatter plot of the average reported amplitude for
each waveform along with its calculated energy, where the
waveform is denoted by color and duration is represented by
differences in transparency. Although a longer duration was
associated with increased calculated energy, the perceived
intensity did not change much over 35.7 um?.

V. DISCUSSION

The results from our experiment reveal significant differ-
ences between durations, indicating a significant tendency
between the perceived intensity of the waveforms with a
duration of 0.5 s and 3.0 s, which supports the results of prior
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studies [12][13][14][21]. However, the reported duration had
a slight difference between the results of the prior studies and
our experiment, which the presented body part may have
caused, as we presented the vibration to the whole hand,
whereas prior studies presented the vibration to the fingertip
or the entire body. It is also possible that the amplitude
employed for the vibrotactile stimulus affects change in the
perceived intensity since the amplitude employed in our
experiment was stronger than that presented to the fingertips
[14] and weaker than that presented to the whole body
[21]. Furthermore, our experiments were conducted using
different procedures that presented multiple waveforms, in-
cluding decaying waveforms. In contrast, the aforementioned
studies presented a specific constant waveform with a smaller
amplitude than that used in our experiment. These possibil-

ities may have influenced the evaluation of the equivalent
amplitude.

In addition, the results of our experiment revealed a
significant difference between waveforms, with the constant
sinusoidal wave perceived as the strongest, followed by
the logarithmic decaying wave, linear decaying wave, and
exponential decaying wave. Although both the effect of
duration and the difference in waveform exhibited signif-
icant differences, the former was subtle compared to the
latter. Whereas the effect of duration showed a significant
difference between the duration of 0.5 s and 1.0 s, as well
as a significant tendency between 0.5 s and 3.0 s, the effect
of waveforms showed a significant difference between each
waveform except for the constant sinusoidal and logarithmic
decaying shaped waves. The perceived order of intensity was
also the same as that of calculated energy, indicating that the
current results are consistent with those of previous studies
[14] [21]. We can recognize from Fig. 6 that lengthening
duration will increase the calculated energy proportionally.
However, the equivalent amplitude of the constant sinusoidal
wave was close to the input amplitude of 50, irrespective of
duration. This indicates that time-averaged energy is a highly
influential contributor to the perception of intensity.

From the scatter plot between the reported average equiva-
lent amplitude and the calculated energy for each waveform,
we can also recognize the possibility that the time-averaged
energy affects the equivalent amplitude with higher energy
corresponding to stronger perceived intensity. However, the
equivalent amplitude appears to converge around the output
amplitude when the energy exceeds 35.7 um?. This may be
the limit of the relationship between perceived intensity and
calculated energy owing to the averaged duration and non-
linear characteristics of people’s tactile perception. Another
possible reason is the balance between the increase in per-
ceived intensity caused by the energy and the decrease caused
by adaptation. Prolonging the duration of vibrotactile stimuli
can increase the calculated energy and cause adaptation.
This indicates that when the calculated energy exceeds a
certain threshold and is accompanied by a long duration,
the perceived intensity can converge.

From a different perspective, there is a possibility that the
perception mechanism differs due to the length of duration.
Many prior studies focus on duration for a short term, often
under 1.0 s, and many studies don’t discuss a duration longer
than 1.0 s. From Fig. 5, the results showed a significant
difference between the answers for 0.5 s and 1.0 s and a
significant tendency between the answers of 0.5 s and 3.0 s.
This indicates the possibility that the perception mechanism
for vibrotactile stimulus may differ between short and long
durations.

VI. CONCLUSION

In this study, we investigated the effects of different
decaying-shaped waveforms and durations on the perceived
intensity of a vibrotactile simulation. Because prior studies
have shown that short-term durations and waveform shapes
both affect perceived intensity, we conducted an experiment
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to determine the specific effects of long-term durations and
decaying-shaped waveforms on our perceived intensity. The
results indicate that both changes in decaying-shaped wave-
forms and duration affect perceived intensity. Furthermore,
the effect of duration is subtle compared to that of decaying-
shaped waveforms, with significant differences between each
pair of decaying-shaped waveforms.
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