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Abstract—In the context of wearable technologies, it is often important for the fingers to be unconstrained so that they can be used to
explore the environment. In this paper, we explored the feasibility of presenting vibrotactile cues that represented different textures to
one of three locations on the hand and forearm using a wearable device. The first experiment indicated that vibrotactile signals of
varying frequency rendered by the tactile display could be encoded by participants in terms of changes along a roughness-smoothness
dimension. The differential thresholds measured for vibrotactile frequency were significantly higher on the wrist as compared to the
fingerpad and the distal phalanx of the index finger. In two subsequent experiments vibrotactile signals were presented by a tactile ring
worn on the distal phalanx and participants evaluated real textures explored by the fingerpad and virtual textures rendered by the ring.
It was found that participants could compare and rank in terms of roughness two spatially distributed inputs with reasonable accuracy.
In the context of the haptic ring being developed, these findings indicated that it is feasible to display information experienced at the
fingertip on a more proximal location on the hand, thus freeing the fingers for other tasks.

Index Terms—Haptic interfaces, wearable haptics, perception, vibrotactile force feedback, haptic rendering, wearable devices,
wearable interfaces
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1 INTRODUCTION

O VER the past 20 years, a number of haptic interfaces
have been successfully developed with the aim of

reproducing the sensations that a person experiences while
touching an object [1]. These devices are able to provide a
range of forces to the user, but most of them are neither
portable nor wearable. Their mechanical bulk is typically
incompatible with haptic feedback at multiple locations and
they are often unable to provide cutaneous stimuli to the
users’ fingertips [2]. There is an increasing demand for
novel displays that are wearable and can enhance a user’s
interactions with the environment. Such devices may be
integrated into clothing or accessories in contact with the
body, such as wristbands or pendants [3]. With wearable
devices novel forms of communication, cooperation, and
integration between humans and robots will be enabled.

Several devices have been developed that present tactile
cues to the fingertips. Sarakoglou et al. described a wearable
tactile display comprising a 4 x 4 array of tactors that
moved perpendicular to the skin surface; the tactors were
spring loaded and actuated remotely by dc motors through
a flexible tendon transmission [4]. A compact fingertip-
mounted device capable of stretching the skin to render
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shear forces was described by Gleeson et al. [5]. Pacchierotti
et al. developed a 3-DoF device to provide cutaneous cues
to the fingertips using a mobile platform that was designed
to enhance the performance of robotic teleoperation sys-
tems [6]. In all these devices, it is not possible for users
to easily switch between a virtual scenario and the real
world, nor to change the tactile feeling of real objects by
augmenting them with virtual textures.

Other research groups have placed wearable vibrotac-
tile devices on different parts of the body and used them
as a means of communication. For example, vibrotactile
bracelets and belts have been developed to guide users in
navigating in unfamiliar environments and directing people
to target locations [7]. Vibrotactile vests worn on the torso
have also shown promise in providing spatial cues to aid
navigation [8] and assisting people with vestibular impair-
ments in maintaining postural stability [9]. These body-
based wearable systems have all been tested in mobile users
with no constraints in terms of tethering.

When we explore an object haptically most of the sensa-
tions are experienced on the fingertips. A wearable device
that mimics these sensations strongly constraints the types
of interactions possible with the surrounding environment
since the fingers are no longer unencumbered. For this
reason, we have been interested in exploring the feasibility
of relocating the haptic feedback typically experienced on
the fingertips to more proximal sites on the body where
devices are commonly worn. Rings are usually worn on
the proximal phalanges of the fingers and wristbands and
bracelets around the wrist, neither of which impedes move-
ments of the fingers.
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Fig. 1. The vibrotactile device worn on (a) fingerpad, (b) proximal phalanx, and (c) wrist. To ensure user comfort and better contact between the
voice coil actuator and the skin, the lower part of the housing had a slightly different curvature depending on the location of the device.

Pacchierotti et al. [10] developed a cutaneous device
called the hRing that presented normal and shear forces
on the dorsal surface of the proximal phalanx of the index
finger. They found that placing the tactile display at this
location avoided problems with occlusions in tracking the
position of the hand and aided task performance. Other
researchers have examined the potential of using wearable
ring devices to deliver localized tactile feedback [11], for
gesture recognition [12] and as a platform for text input into
different devices [13], [14]. Wrist worn accessories such as
watches have a long tradition in the wearable computing
literature [15], [16], [17], [18]. Recent advances in minia-
turization and diminishing costs of batteries, processors,
sensors, and communication technologies are now enabling
smartwatches to move from the specialist market to the
mainstream [19]. In many of these applications it is pro-
posed that the watch acts as a proxy interface between a
user and a mobile device. For example, Pasquero et al. [20]
introduced a haptic watch prototype, in which actuators on
the base of the watch touching the skin provided eyes-free
haptic communication with an adjacent mobile device.

Moving the haptic device from the fingerpad to the
proximal phalanx or to the wrist allows users to perceive
cutaneous cues without limiting the interaction with real
objects, for example in a AR scenario. This leads to some
issues that may impact how these devices are designed and
used: i) human tactile acuity varies across the skin surface
which may limit the ability of users to interpret different
spatio-temporal patterns of stimulation; ii) relocating haptic
cues away from the actual location where they are typically
experienced may degrade the sense of realism associated
with contact on the fingertips.

In the present work, we aimed at addressing these issues
by conducting psychophysical experiments to characterize
how participants perceived the same vibrations when pre-
sented on three different areas of the hand: the fingerpad,
the dorsal side of the proximal phalanx, and the dorsal
surface of the wrist (depicted in Fig. 1). We were also
interested in determining how people perceptually encode
variations in vibration frequency as varying roughness.
Despite the large number of studies on the amplitude re-
quired to detect vibration as a function of the frequency of
stimulation [21], [22], there have been relatively few studies
of vibrotactile frequency discrimination. The frequency and
amplitude of vibration are not perceptually orthogonal and

so as the amplitude of vibration increases (at a constant
frequency), the perceived frequency of the signal (i.e., pitch)
also increases [23]. The Weber fraction (i.e., the differential
threshold divided by the reference frequency expressed as
a percentage) for vibrotactile frequency is not a constant
and changes as a function of frequency. Estimates of the
differential threshold vary considerably from 18% to 50%
for frequencies ranging from 25-200 Hz [24], to 30% at
20 Hz and then decreasing with increasing frequency to
13% at 200 Hz [25]. In the latter study, the authors noted
that there was no difference between the fingertip and the
forearm in terms of vibrotactile frequency discrimination.
In this paper, a wearable vibrotactile display whose main
component is a small voice coil actuator was built to conduct
the psychophysical experiments. Because of its small size,
the display can easily be placed on different parts of the
hand and the forearm.

After conducting the first experiment we determined
that the proximal phalanx was the most promising location
in terms of performance and wearability. Two additional
experiments were performed to evaluate whether the vibro-
tactile cues rendered by the vibrotactile device are of suf-
ficient resolution that they can be matched to real textures
explored by the fingertip, even though they are perceived
on the proximal phalanx.

2 DEVICE DESCRIPTION

A wearable device was built in which tactile feedback is
delivered to the skin through a voice coil actuator (Bone
Conductor Transducer, Adafruit Industries, USA). The actu-
ator is housed in a metallic case and, due to its lightweight
(9.6 g) and small size (14 mm × 21.5 mm × 7.9 mm), is an
excellent candidate for a wearable display.

A housing (3D printed) was fabricated to encase the
actuator, as shown in Fig. 2. A small velcro strip is used
to keep the actuator in constant contact with the user’s skin,
independently of the site on the body. A hole in the housing
permits direct contact between the skin and the moving part
of the actuator. With its simple design, a user can easily wear
the tactile display and perceive different kinds of vibration
on the fingerpad, the proximal phalanx of the finger, or the
wrist.

The input signal to the voice coil actuator is produced by
a computer sound card. The PortAudio cross-platform ’C’
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(a) (b)

Fig. 2. The vibrotactile device, composed of a voice coil actuator em-
bedded in 3D printed housing. (a) The design of the housing includes an
opening corresponding to the moving platform, to ensure direct contact
with the skin. (b) The housing is covered by velcro strips, which are used
to attach the device to the fingerpad, proximal phalanx or wrist.
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Fig. 3. The setup used to characterize the actuator.

API for audio input and output [26] is used. Each stimulus
presented to the user consists of a sinusoidal wave of arbi-
trary amplitude and frequency. Since the voice coil requires
a higher current than that provided by the audio card out-
put, the audio card signal is amplified by a filter-free Class-D
audio power amplifier (TPA2016D2, Texas Instruments Inc.,
USA), programmed through a digital I2C interface by an
Arduino Uno (Arduino, IT). The relationship between the
required signal amplitude and the power amplifier’s output
was experimentally determined so as not to saturate the
actuator; the laptop audio volume was set at 100%.

2.1 Device output characterization

To assess the relation between the input signal and the
output of the vibrotactile device, the acceleration along
the motion axis was measured. An IMU sensor LSM6DS3
(STMicroelectronics, CH) was attached to a 100 g weight,
which in turn was fixed on the mobile platform of the
actuator. They were placed on a support which was rigidly
attached to a flat surface, with the moving axis of the
actuator parallel to gravity (see Fig. 3).

The laptop provided different sinusoidal input signals
to the device, ranging from 50 to 300 Hz and from 0.3 to
1.5 V with a step size of 5 Hz and 0.2 V, respectively. The
accelerometer output was recorded through a Teensy 3.2
Development Board (PJRC). The data were then analyzed to
estimate the average peak acceleration for each input signal.
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Fig. 4. Displacement of the actuator under load as a function of fre-
quency and input voltage.

Fig. 4 shows all the displacement peak values for each
frequency, with different curves showing different applied
voltages. Since we are dealing with simple sinusoidal sig-
nals, the amplitude of the displacement of the vibrating
plate has been computed by dividing the amplitude of
the acceleration by (2πf )2, with f the frequency of the
sinusoid. For the sake of clarity, data interpolation has
been performed. The results showed that the haptic device
could move up to 0.052 mm along the axis of motion of the
actuator.

Fig. 4 shows that the displacement of the mobile plat-
form of the actuator was almost constant at low frequencies
and then increased until it reached a maximum at 160-
190 Hz, and then decreased at higher frequencies. Apart
from the first experiment, in which a broad range of fre-
quencies was used to measure the differential thresholds,
in subsequent studies frequencies involving large displace-
ments (i.e. 160-190 Hz) were not used. The frequency at
which the displacement peak occurs will, however, change
with different loads.

3 EXPERIMENTAL EVALUATION

We carried out three experiments: i) to characterize how
the perceived frequency of vibrotactile stimuli varies as a
function of the location on which the signals are delivered,
ii) to evaluate the ability to distinguish different real textures
and virtual textures rendered as vibration signals, and iii) to
investigate whether vibrotactile signals presented at one lo-
cation can be mapped onto textures experienced at another
site.

The first experiment evaluated how variations in vibra-
tion frequency were perceived by users when delivered at
three different locations: the fingerpad (Fig. 1a), the dorsal
surface of the proximal phalanx (Fig. 1b), and the dorsal
side of the wrist (Fig. 1c). The objective was to determine
whether the ability to perceive variations in vibrotactile
frequency at the three sites was similar enough that the
locations could be used interchangeably to present textural
cues.

The second experiment was focused on evaluating the
ability of users to discern the roughness of different textures,
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using both real and virtual stimuli. Blindfolded participants
were asked to sort five textures from the smoothest to the
roughest. The real textures were machined copper blocks
with defined spatial periods and the virtual textures were
vibrotactile signals generated to represent a similar range of
stimuli.

In the third experiment participants were asked to map
the tactile signals delivered by the ring to the physical
surfaces. Participants had to match a virtual stimulus to one
of the copper blocks.

3.1 Experiment 1: Perception of vibration frequency at
three locations on the hand

The first experiment focused on vibrotactile perception and
was designed to measure the ‘difference threshold’ (some-
times called the ‘difference limen’, DL) for roughness, de-
fined in terms of frequency. Previous research had shown
that by changing the modulation frequency of a base signal,
waveforms can be created that are perceived as varying in
roughness [27]. The main goal of the present experiment
was to determine the smallest change in vibration frequency
that can be perceived on the proximal phalanx and the wrist
so that these values can be used as a baseline for creating
different virtual surfaces.

Participants: Eleven volunteers, seven males and
four females, took part in the experiment. They were aged
between 20 and 53 (mean 29) years. None of them reported
any deficiencies in sensorimotor function and all of them
were right-handed. The experiment was approved by the
local ethics committee, and all participants signed informed
consent forms. Only one participant had previous experi-
ence with vibrotactile displays.

Methods: The same experimental procedure was
used for the fingerpad of the index finger, the dorsal surface
of the proximal phalanx of the index finger, and the dorsal
surface of the wrist.

At the beginning of the experiment, the correspondence
between higher frequency vibrations and smoother textures
was explained to participants. They were told that the
roughness of a surface is defined by its spatial period at a
given scanning velocity and it is perceived by human beings
as the change of frequency detected by mechanoreceptors
[28]. It was explained to them that they would feel two
consecutive vibrations with the same amplitude but differ-
ent frequency and that they would select which stimulus
was perceived as being smoother (i.e. higher frequency). A
familiarization period of two minutes was provided to par-
ticipants to acquaint them with the experimental setup. Pink
noise was delivered through noise-canceling headphones to
eliminate any auditory cues from the tactile display. Partic-
ipants were asked to assume a comfortable position with
the right hand and to maintain that position throughout the
experiment.

Psychophysical evaluation: The just-noticeable dif-
ferences or JNDs were determined for four standard stimuli
(SS: 70 Hz, 140 Hz, 210 Hz, and 280 Hz) at a fixed amplitude
(1.5 V) on the three sites, giving a total of 12 conditions.
The stimulus provided by the vibrotactile device was a
vertical (normal direction with respect to each body site
tested) sinusoidal vibration. The amplitude was set so as to

provide a clearly perceptible vibration while avoiding audio
amplifier saturation for any input signal.

For each location, the experiment was divided into four
conditions, one for each of the four standard stimuli. The
order of presentation of the stimuli was randomized. On
each trial the first stimulus was presented for 1.2 s, followed
by a 0.3 s pause, and then the second stimulus was deliv-
ered for 1.2 s. After each trial participants indicated which
vibration stimulus was smoother by entering their responses
(one for the first or two for the second) on a keyboard.
If participants did not perceive a particular pair of stimuli
clearly, they could ask the experimenter to repeat the trial up
to a maximum of four times. Throughout the experiment,
participants asked to repeat a trial once on about 10% of
trials, twice on 5% of trials, and three times on less than 1%
of trials. No one asked to repeat the trial four times.

In the first trial, the comparison stimulus (CS) was set
at 20 Hz higher than the standard stimulus. Then, using the
transformed up-down method [29] the difference between
the frequency of the CS and SS became smaller after two
correct responses and increased after one incorrect response.
The step-size for varying the CS started from 8 Hz and
decreased after each reversal by 2 Hz. The last step-size was
1 Hz. This method gives a threshold at the 70.7% level. Since
each participant had to complete the experiment on three
different locations, we chose the staircase method because it
has the shortest time to completion [30].

With such an experimental procedure a participant
might have to compare a SS and a CS that are actually
the same. On these trials, the participant’s responses were
considered incorrect which forced the algorithm to continue
presenting stimuli in the same direction (i.e. increasing or
decreasing) without compromising the position of reversals
and without introducing any artifacts. The ratio of the
difference threshold (∆I) to the reference stimulus (I) is
referred to as the Weber fraction.

In Fig. 5a an entire experimental run is shown, where ‘+’
represents the correct answer and ‘o’ an error. Each experi-
mental condition (one SS) was run until five reversals were
completed. The first reversal was not used to calculate the
just-noticeable difference. About 45 minutes were required
to complete the experiment.

Results and Discussion: The Weber fractions were
calculated as the mean difference between the CS and SS
at the four reversal points and then averaged across all
participants. In Fig. 5b, the Weber fractions for the four
standard stimuli are shown for the three sites tested.

As shown in blue, on the fingerpad the data for the
210 Hz and 280 Hz stimuli are consistent across participants
and the Weber fractions are quite similar. Performance is
much more variable at 70 Hz and 140 Hz, where the data
are not closely clustered around the mean. The mean Weber
fraction for the fingerpad is 7.57%, varying from 4.91% to
11.04%. The results obtained on the proximal phalanx are
consistent across participants. The mean Weber fraction is
5.97%, varying from 5.16% to 6.65%. In contrast when the
display was worn on the wrist, the thresholds were higher
than those measured on both the fingerpad and dorsal
surface of the finger, with a mean Weber fraction of 13.07%,
varying from 10.31% to 16.75%.
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Fig. 5. Psychophysical evaluation:(a) an entire experimental run, where + and o represent the correct and wrong answer, respectively; (b) Weber
fractions and standard errors of the means (SEM) for four different input signal frequencies (70, 140, 210, 280 Hz) are shown at the same signal
amplitude (1.5 V).

A two-way repeated measures ANOVA was performed
on these data with frequency and location as within-subjects
factors. The original data were normally distributed with
one exception, according to the Shapiro-Wilk normality test.
It was assumed that the violation was not sufficient to war-
rant data transformation, particularly as all other residuals
were normally distributed. The data passed the Mauchly’s
test of sphericity. The ANOVA revealed that there was
a statistically significant difference between the locations
(F(2,20) = 11.012, p = 0.001), but no significant effect of fre-
quency. The interaction between location and frequency was
not significant. Post hoc analysis with Bonferroni adjust-
ments revealed a statistically significant difference between
the wrist and the other two locations tested (fingerpad vs
wrist, p = 0.023; proximal phalanx vs wrist, p = 0.013).

The difference in sensitivity between the wrist and the
fingerpad is not unexpected in that it has previously been
shown that the Weber fraction for frequency discrimination
is consistently lower on the fingertip as compared to the
forearm for frequencies between 20-200 Hz [25]. These dif-
ferences can, in part, be attributed to variations in the sen-
sory receptors and afferent fiber types supplying these two
skin areas. In hairy skin, the detection of low vibrotactile
frequencies appears to be based on sensory afferent fibers
associated with hair follicles, whereas in glabrous skin the
input arises from rapidly adapting fibers associated with
Meissner corpuscles [21].

The variations in thresholds measured at the three loca-
tions may also reflect differences in the stiffness of the tissue
underlying the tactile display. On the proximal phalanx
the actuator was positioned directly over the bone with
very little intervening soft tissue which may have facilitated
transmission of the vibrotactile signal. In contrast, the pulp
on the fingerpad is stiffer than the skin on the dorsal surface
of the hand. It has been shown that for the same vibrotactile
input the frequency and amplitude of vibration measured
on the skin varies at different locations on the body. The
frequency is higher and the amplitude is lower on the
glabrous skin on the palm as compared to the hairy skin

on the forearm [31].

In the present experiment, the thresholds measured at
higher frequencies on the fingerpad are very promising in
terms of indicating that the area is very sensitive to changes
in frequency in addition to displacement. At lower fre-
quencies (70-140 Hz) the proximal phalanx is more sensitive
than the fingerpad to changes in vibrotactile frequency as
shown by the smaller Weber fraction (5% vs 11%). These
results certainly suggest that more proximal regions of the
fingers have the sensory capabilities required to represent
textural properties and so a ring is a feasible option for a
wearable tactile display. Such a device still allows the user
to interact freely with the environment since the fingers are
unimpeded.

At all three sites most of the participants indicated that
it was difficult to classify low-frequency vibrations. They
reported that their perception actually changed when the
frequency of the vibrotactile signal was below a certain
threshold. Indeed, they declared that although they were
able to perceive a difference between the stimuli, they could
not determine which was ‘smoother’ or ‘rougher’. They
reported that the vibrations appeared to be of different
amplitudes. This may reflect the interaction of vibrotactile
amplitude and frequency noted previously. It is interesting
to note that the Weber fractions measured in this experi-
ment are lower than most of those reported for vibrotactile
frequency discrimination [24] [25], which may reflect the
instructions given to participants. They were told to focus
on the relative smoothness and roughness of the signals
rather than their frequency. Low Weber fractions of around
3% have, however, been reported for vibrotactile frequency
discrimination using trains of short mechanical pulses vary-
ing in frequency instead of sinusoids [32].

The proximal phalanx has proven to be the most promis-
ing site among the three evaluated. For this reason, the
following experiments were conducted only with the ring
tactile display.



1939-1412 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TOH.2019.2938945, IEEE
Transactions on Haptics

6

3.2 Experiment 2: Ranking the perceived roughness of
real and virtual textures.

Participants: Eleven volunteers, six males and five
females, took part in the experiment. They were aged be-
tween 25 and 42 (mean 32) years. None of them reported
any deficiencies in sensorimotor function and all of them
were right-handed. The experiment was approved by the
local ethics committee and all subjects signed informed
consent forms. Three participants had previous experience
with vibrotactile displays.

Methods: Participants performed the rank ordering
experiment twice: with real textures and with virtual ones,
rendered using the ring tactile device. During the first part
of the experiment involving real textures participants were
blindfolded. During the second part with virtual textures
they wore noise-canceling headphones with pink noise play-
ing to avoid any auditory cues. Participants were asked to
assume a comfortable position with the right hand and to
maintain that position throughout the experiment.

Experimental setup: To cover a range of spatial
frequencies, five textures of varying roughness were chosen.
The textures were created by machining the surfaces of five
copper blocks (25.5× 28.5 mm, 6.0 mm thick) with a pattern
of truncated pyramids using a wire EDM (Charmilles Tech-
nologies Robofil 1020SI Wire EDM). The truncated pyramids
were a constant height of 500 µm, and spaced at periods
of 800 µm, 1000 µm, 2000 µm, 2500 µm, and 3000 µm to
convey smooth and coarse textures, as illustrated in Fig. 6.
Measurements were made of the height and spatial periods
of these stimuli using a surface roughness tester (Mitutoyo
SurfTest SV-3000S4) and these indicated that the surface
profiles had been machined accurately. The RMS surface
roughness ranged from 165 µm (800 µm spatial period) to
216 µm (3000 µm spatial period).

To generate the virtual textures five different sinusoidal
signals were produced that corresponded to the vibration
patterns experienced when touching real textured surfaces.
First, we characterized the velocity of the finger while it
moved across the copper blocks. The index finger of three
participants was attached to the handle of an Omega.3
haptic interface (Force Dimension, CH) and participants
were asked to freely explore one of the blocks. The velocities
of the movements in the two directions of the contact plane
were measured. Results showed that the speed ranged from
0−0.3 m/s with a median of about 0.2 m/s. An average
speed of 0.2 m/s was therefore used. We then calculated the
frequency of the sinusoidal wave representing each virtual
texture as the ratio of the average speed to the spatial
period of each block. The resulting frequencies were: 250 Hz,
200 Hz, 100 Hz, 80 Hz, and 66 Hz (see Table 1).

To select the magnitude values we took into account the
results described in Sections 2.1 and 3.1 and the literature
on the relation between perceived amplitude and frequency
of vibrotactile signals [28] [33]. The results from the first
experiment suggested that the perceived intensity of low
frequency stimuli is smaller than that of higher frequency
signals of the same amplitude. For this reason, an amplitude
of 1.5 V was set for these signals (66 Hz, 80 Hz, 100 Hz). With

Fig. 6. The five copper blocks used as reference textures. The surfaces
were machined with a pattern of truncated pyramids with a constant
height of 0.5 mm and spaced at periods of (from left to right) to 800 µm,
1000 µm, 2000 µm, 2500 µm, and 3000 µm.

TABLE 1
Vibration stimuli

Position Spatial period [µm] Amplitude [V] Frequency [Hz]
1 800 1.0 250
2 1000 1.0 200
3 2000 1.5 100
4 2500 1.5 80
5 3000 1.5 66

the present device a value of 1.5 V is about the maximum
that can be used before saturating the voice coil. A value of
1.0 V was selected for the high frequency signals (200 Hz,
250 Hz). It was anticipated that this adjustment meant that
the different vibration signals were perceptually equivalent
in terms of intensity.

Ranking procedure: The first part of this experiment
evaluated whether participants could distinguish the real
textured surfaces in terms of their perceived roughness.
Blindfolded participants were asked to sort the five copper
blocks, arranged in a random order on the bench, from
smoothest to roughest. They were given two minutes to
complete the task. The experimenter then entered the se-
quence on a keyboard.

After completing the first part of the experiment, partici-
pants then ranked the five virtual textures simulated by the
tactile device that were presented in a random order. The
display was attached to the proximal phalanx of the right
index finger. The duration of each stimulus was 1 s with an
interstimulus interval of 20 ms, so as to avoid the temporal
enhancement of the second stimulus occurring when two
stimuli are separated by 100−500 ms [34].

Participants ordered the stimuli and were allowed to
make adjustments to the sequence each time the new se-
quence was presented. They would indicate which stimuli
should be switched and the new sequence was then pre-
sented. The experiment continued until participants indi-
cated their final choice had been made or the maximum
available time (five minutes) had elapsed.

Results and Discussion: To evaluate the perfor-
mance of participants an error metric based on the position
of each copper block in the participant’s final sequence and
the ranked position as defined in Table 1 was calculated.
For each element of the participant’s sequence we found the
corresponding rank order of the physical or virtual texture
and calculated the difference between the two position
indices, defined as a shift value. For a vector composed of
5 elements, this value ranges from 0 to 4, according to the
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shift in position of the element.
In the following example

Submitted sequence = [1 3 4 2 5]

Correct sequence = [1 2 3 4 5]

0 1

the five position shifts are
|1−1| = 0; |2−3| = 1; |3−4| = 1; |4−2| = 2; |5−5| = 0

.
Real textures: The results showed that 6 out of 11

participants ranked the roughness of the copper blocks in
the same order as the physical measurements and so made
no errors. For the remaining five participants, 11 textures
were not in the correct positions, three involving a shift of
two positions and 8 involving a shift of one position. In
Fig. 7a the distribution of the shift values as a function of
frequency is shown.

Virtual textures: The results with virtual textures
indicated that 8 out of 11 participants made no errors. For
the remaining three participants, 6 errors have been made,
two involving a shift of two positions and four involving a
shift of one position. The distribution of the shift values as a
function of frequency is shown in Fig. 7b.

The superior performance of participants in ranking
the virtual textures as compared to real textures (73% vs
55% of participants had perfect scores, respectively) may
be due to the order of presentation of the two sets of
stimuli. All participants were tested with the real textures
first. However, given the differences between the two sets
of stimuli and the single trial it seems unlikely that there
would be a significant learning effect associated with this
initial condition. Most of the errors with the real textures
occurred for textures with larger spatial periods, that is
those with coarser features (see Fig. 7). The perception of
such textures is known to be spatially mediated through
the activation of slowly adapting mechanoreceptors that
densely innervate the fingertip [35]. Presumably the signals
arising from these spatial patterns of activation as the finger
scanned the surface were not highly discriminable for the
set of textures presented. The virtual textures presented on
the proximal phalanx of the index finger may have elicited
more widespread activation of cutaneous mechanoreceptors
resulting in more readily identifiable textural features.

3.3 Experiment 3: Matching real and virtual textures
The final experiment was a matching test involving the
real and virtual textures. The objective was to evaluate
whether vibrotactile signals representing virtual textures
displayed on the proximal phalanx of the index finger could
be mapped onto real textures explored more distally with
the fingerpad.

From the pilot experiment described in Section 3.2, in
which the velocity of the finger as it explored real textures
was used to model the five virtual textures, it was evident
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Fig. 7. Sum of the shift values for each stimulus defined in terms of
frequency, for the experiment with (a) real and (b) virtual textures.

that the speed can change so quickly that the participant
does not perceive the resulting variations in frequency on
the skin. Since the surface features of the copper blocks are
small and exploration speed is highly variable, it was diffi-
cult to perceive clear differences in terms of the frequency of
the sinusoidal wave. For this reason, we decided to maintain
the frequency constant during each stimulus presentation.

Participants: The same eleven volunteers from the
second experiment also participated in the third experiment.
The two experiments were conducted on the same day.

Methods: Participants were blindfolded and wore
noise-canceling headphones with pink noise playing to
avoid both visual and auditory cues regarding the stimuli
(Fig. 8a). They were asked to assume a comfortable position
and wore the tactile display on the right index finger, while
they explored the copper blocks with the left index finger
(see Fig. 8b). They were instructed to select the block that
was most similar in texture to the vibrotactile stimulus being
presented by the tactile device.

Matching procedure: Prior to the experiment, the
five stimuli generated by the tactile display were presented
to participants from smoothest to roughest. Then, one of the
five virtual textures was randomly selected and presented
four times to the participant. The duration of each presenta-
tion was 1 s followed by an interstimulus interval of 20 ms.
The virtual texture was repeated so as to mimic the condi-
tions under which participants explored real textures which
was by moving the finger across the surface repeatedly.
Participants could ask for the stimulus to be repeated up
to three times before they selected the matching real texture
from the copper blocks.

The experiment was composed of 15 matching trials
randomly ordered, with each of the five virtual stimuli being
presented three times. For each stimulus, the participant
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(a)

(b)

Fig. 8. The experimental setup for the matching experiment.

chose the corresponding real texture from the array and the
experimenter recorded the response on a keyboard.

Results and Discussion: The group mean score ex-
pressed as a percentage was 58.2% correct, with the individ-
ual scores ranging from 33.3% to 80.0%. In this experiment,
chance level performance would be 20% correct. Fig. 9
shows the individual data from participants.

Most errors consisted of a shift of only one position, that
is selecting a real stimulus that was either slightly rougher
or smoother than the virtual stimulus. Thus, we computed
a weighted error based on the magnitude of the shift values
defined in Section 3.2. The weighted error metric used in
this study ranges from 0 to 48, with a score of 0 indicating
the real and virtual textures with similar softness/roughness
were perfectly matched. The maximum error score is 48,
corresponding to the sum of the highest shift values (16)
multiplied by the number of times (3) each stimulus is
presented during the experiment. The mean weighted error
over all participants is 7.55 (i.e., 15.73% of 48).

The confusion matrix of the participants’ responses
shown in Table 2 indicates that the lowest and highest fre-
quency stimuli were the easiest to identify and most errors
involved a single mislocation. Summarizing the results of
the matching experiment, we can state that although the
number of errors is relatively high (41.8%), most of the
errors reflected a shift of only one location (see Table 2),
which suggests that the tactile device can display cues that

Fig. 9. Percentage of correct answers during the matching experiment
between real and virtual textures, for each participant. The dashed line
represents chance performance.

TABLE 2
Confusion matrix with scores out of the total of the 33 trials presented

for each stimulus.
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are perceptually mapped onto varying levels of roughness.

4 CONCLUSIONS AND FUTURE WORK

In this paper, a series of psychophysical experiments was
conducted to evaluate how variations in vibrotactile fre-
quency are perceived at three locations on the arm. A
lightweight wearable display has been developed that
presents vibrotactile stimulation to a user’s skin. The display
was first characterized in terms of its displacement as a
function of the frequency and amplitude of a sinusoidal
input.

In the first experiment it was found that the differen-
tial thresholds for vibrotactile frequency were significantly
higher on the wrist as compared to the proximal phalanx
and fingerpad, and overall the lowest thresholds were
measured on the proximal phalanx of the index finger. In
contrast to the marked differences in detection thresholds
for vibrotactile stimuli at the three sites [21], these results
show that vibrotactile frequency discrimination is remark-
ably similar in hairy and glabrous skin, as has been noted
previously [25]. However, the Weber fractions reported in
the latter study [25] were twice those measured in the
present experiment. The findings from the first experiment
also indicated that the wearable tactile display was able to
render vibrotactile signals of varying frequency that partici-
pants could encode in terms of changes along a roughness-
smoothness dimension.
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In the subsequent experiments real textures created by
machining the surface of copper blocks and virtual textures
presented using the tactile display mounted on the dorsal
surface of the index finger were used to evaluate texture
perception. It was found that participants could rank the
virtual textures in terms of their perceived roughness with
73% of participants making no errors. Their performance on
this task was superior to that with real textures, particularly
for the lower frequency (rougher) stimuli. When scanning
a textured surface with the fingers tactile information is
encoded both spatially and temporally. Temporal cues are
determined by the velocity of the finger movements along
the scanning direction. Such cues are crucial for perceiving
the roughness of finely textured patterns, but can also be
important when scanning rougher surfaces [36]. In the sec-
ond experiment, the copper surfaces were scanned at a self-
selected velocity, which may not have been optimal for these
particular textures. The differences in discriminability of the
real and virtual textures may reflect the more intense nature
of the vibrotactile stimulus as compared to the vibrations
elicited by scanning the finger across the copper surface.
Higher amplitude signals would travel further across the
skin on the hand and arm resulting in more extensive
activation of mechanoreceptors [31].

In the final experiment participants were able to match
real textures explored by scanning the surface with the
index finger to virtual textures experienced as a vibrotactile
pattern on the dorsal surface of the index finger. Although
the overall matching performance was only 58% correct,
when matching accuracy is considered as being within one
stimulus location of the correct response, performance is
now 93% correct. These findings suggest that it is possible
for participants to compare and rank in terms of roughness
two spatially distributed inputs with reasonable accuracy.
In the context of the haptic ring being developed, this
means that it is feasible to display information experienced
at the fingertip on a more proximal location on the hand,
thus freeing the fingers for other tasks. The vibrotactile
information presented by a ring does not necessarily capture
the sensations associated with exploring a real surface on
the fingertip but provides sufficient information for a user
to distinguish between different surface textures.

In these experiments, participants were asked to judge
the roughness of a virtual texture that was defined in terms
of the frequency of a vibrotactile signal and compare it to
the roughness of a hard physical surface that was manually
explored. Although roughness is a dimension that emerges
in descriptions of varying vibrotactile waveforms delivered
to the skin and can be used to distinguish between such
signals [27], [37], it is not necessarily the case that this
roughness is perceptually equivalent to the roughness expe-
rienced when the fingers move across an abrasive surface.
The present experiments have not examined the degree of
realism associated with the virtual signals, but have demon-
strated the potential for mapping between these two percep-
tual entities. This paper was focused on demonstrating the
feasibility of presenting tactile cues at a location different
from the interaction site. In this context, a compromise
between wearability of the haptic device and realism of the
tactile cues is required.

Future work will involve enhancing the performance of

the tactile device by using more complex input signals to
display different textures. The present experiments involved
coarse textural features as defined in terms of the spatial
periods of the machined copper blocks. It will be important
to characterize the ability of the haptic ring to render fine
textural details. Finally, one of the objectives in developing
the haptic ring is to incorporate it into an integrated system
that can be used in augmented and virtual reality applica-
tions.

ACKNOWLEDGMENTS

This work was supported by the US National Science Foun-
dation (NSF) under grant IIS-1617403 and by the European
Union’s Horizon 2020 Research and Innovation Programme
under Grant Agreement n◦688857 of the project “SoftPro -
Synergy-based Open-source Foundations and Technologies
for Prosthetics and RehabilitatiOn”.

REFERENCES

[1] S. J. Lederman and R. L. Klatzky, “Haptic perception: A tutorial,”
Attention, Perception, & Psychophysics, vol. 71, no. 7, pp. 1439–1459,
2009.

[2] A. Formaglio, G. Baud-Bovy, and D. Prattichizzo, “Is it possible to
perceive the shape of an object without exploring it,” in Proc. of
Eurohaptics Conference, pp. 3–6, 2006.

[3] S. Rao, N. Llombart, E. Moradi, K. Koski, T. Bjorninen, L. Sydan-
heimo, J. M. Rabaey, J. M. Carmena, Y. Rahmat-Samii, and
L. Ukkonen, “Miniature implantable and wearable on-body an-
tennas: towards the new era of wireless body-centric systems
[antenna applications corner],” IEEE Antennas and Propagation
Magazine, vol. 56, no. 1, pp. 271–291, 2014.

[4] I. Sarakoglou, N. V. Garcia-Hernandez, N. G. Tsagarakis, and D. G.
Caldwell, “A high performance tactile feedback display and its
integration in teleoperation.,” IEEE Trans. Haptics, vol. 5, no. 3,
pp. 252–263, 2012.

[5] B. T. Gleeson, S. K. Horschel, and W. R. Provancher, “Design of
a fingertip-mounted tactile display with tangential skin displace-
ment feedback,” IEEE Trans. Haptics, vol. 3, no. 4, pp. 297–301,
2010.

[6] C. Pacchierotti, L. Meli, F. Chinello, M. Malvezzi, and D. Prat-
tichizzo, “Cutaneous haptic feedback to ensure the stability of
robotic teleoperation systems,” Int. J. Robotics Research, vol. 34,
no. 14, pp. 1773–1787, 2015.

[7] J. B. F. V. Erp, H. A. H. C. V. Veen, C. Jansen, and T. Dobbins,
“Waypoint navigation with a vibrotactile waist belt,” ACM Trans.
Applied Perception, vol. 2, no. 2, pp. 106–117, 2005.

[8] L. A. Jones, B. Lockyer, and E. Piateski, “Tactile display and
vibrotactile pattern recognition on the torso,” Advanced Robotics,
vol. 20, no. 12, pp. 1359–1374, 2006.

[9] E. Kentala, J. Vivas, and C. Wall III, “Reduction of postural sway
by use of a vibrotactile balance prosthesis prototype in subjects
with vestibular deficits,” Annals of Otology, Rhinology & Laryngol-
ogy, vol. 112, no. 5, pp. 404–409, 2003.

[10] C. Pacchierotti, G. Salvietti, I. Hussain, L. Meli, and D. Prat-
tichizzo, “The hring: A wearable haptic device to avoid occlusions
in hand tracking,” in Proc. IEEE Haptics Symposium, pp. 134–139,
2016.

[11] O. Ariza, P. Lubos, F. Steinicke, and G. Bruder, “Ring-shaped hap-
tic device with vibrotactile feedback patterns to support natural
spatial interaction,” in Proc. Int. Conf. Artificial Reality and Telexis-
tence and Eurographics Symp. on Virtual Environments, pp. 175–181,
2015.

[12] J. Gummeson, B. Priyantha, and J. Liu, “An energy harvesting
wearable ring platform for gestureinput on surfaces,” in Proc.
ACM Int. Conf. Mobile Systems, Applications, and Services, pp. 162–
175, 2014.

[13] S. Nirjon, J. Gummeson, D. Gelb, and K.-H. Kim, “Typingring: A
wearable ring platform for text input,” in Proc. ACM Int. Conf.
Mobile Systems, Applications, and Services, pp. 227–239, 2015.



1939-1412 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TOH.2019.2938945, IEEE
Transactions on Haptics

10

[14] L. Meli, D. Barcelli, T. L. Baldi, and D. Prattichizzo, “Hand in air
tapping: A wearable input technology to type wireless,” in Proc.
IEEE Int. Symp. on Robot and Human Interactive Communication,
pp. 936–941, 2017.

[15] M. Matscheko, A. Ferscha, A. Riener, and M. Lehner, “Tactor
placement in wrist worn wearables,” in Proc. Int. Symp. on Wearable
Computers, pp. 1–8, 2010.

[16] C. Narayanaswami and M. T. Raghunath, “Application design for
a smart watch with a high resolution display,” in Proc. Int. Symp.
on Wearable Computers, pp. 7–14, 2000.

[17] T. Degen, H. Jaeckel, M. Rufer, and S. Wyss, “Speedy: A fall de-
tector in a wrist watch.,” in Proc. Int. Symp. on Wearable Computers,
pp. 184–189, 2003.

[18] J. Kim, J. He, K. Lyons, and T. Starner, “The gesture watch: A
wireless contact-free gesture based wrist interface,” in Proc. Int.
Symp. on Wearable Computers, pp. 15–22, 2007.

[19] R. Rawassizadeh, B. A. Price, and M. Petre, “Wearables: Has the
age of smartwatches finally arrived?,” Communications of the ACM,
vol. 58, no. 1, pp. 45–47, 2015.

[20] J. Pasquero, S. J. Stobbe, and N. Stonehouse, “A haptic wristwatch
for eyes-free interactions,” in Proc. ACM Int. Conf. on Human
Factors in Computing Systems, pp. 3257–3266, 2011.

[21] S. J. Bolanowski, G. A. Gescheider, and R. T. Verrillo, “Hairy
skin: psychophysical channels and their physiological substrates,”
Somatosensory & Motor Research, vol. 11, no. 3, pp. 279–290, 1994.

[22] L. A. Jones and S. J. Lederman, Human hand function. Oxford
University Press, 2006.

[23] J. W. Morley and M. J. Rowe, “Perceived pitch of vibrotactile stim-
uli: effects of vibration amplitude, and implications for vibration
frequency coding.,” J. Physiology, vol. 431, no. 1, pp. 403–416, 1990.

[24] G. D. Goff, “Differential discrimination of frequency of cutaneous
mechanical vibration.,” J. Experimental Psychology, vol. 74, no. 2
pt1, pp. 294–299, 1967.

[25] D. A. Mahns, N. M. Perkins, V. Sahai, L. Robinson, and M. J. Rowe,
“Vibrotactile frequency discrimination in human hairy skin,” J.
Neurophysiology, vol. 95, no. 3, pp. 1442–1450, 2006.

[26] R. Bencina and P. Burk, “Portaudio–an open source cross platform
audio api,” in Proc. Int. Conf. on International Computer Music,
pp. 263–266, 2001.

[27] L. M. Brown, S. Brewster, H. C. Purchase, et al., “A first investi-
gation into the effectiveness of tactons,” in Proc. of World Haptics
Conference, pp. 167–176, 2005.

[28] M. Konyo, S. Tadokoro, A. Yoshida, and N. Saiwaki, “A tactile
synthesis method using multiple frequency vibrations for repre-
senting virtual touch,” in Proc. IEEE/RSJ Int. Conf. on Intelligent
Robots and Systems, pp. 3965–3971, 2005.

[29] H. Levitt, “Transformed up-down methods in psychoacoustics,” J.
Acoustical Society of America, vol. 49, no. 2B, pp. 467–477, 1971.

[30] T. N. Cornsweet, “The staircase-method in psychophysics,” The
American J. Psychology, vol. 75, pp. 485–91, 1962.

[31] K. O. Sofia and L. A. Jones, “Mechanical and psychophysical stud-
ies of surface wave propagation during vibrotactile stimulation,”
IEEE Trans. Haptics, vol. 6, no. 3, pp. 320–329, 2013.

[32] O. Franzén and J. Nordmark, “Vibrotactile frequency discrimina-
tion,” Perception & Psychophysics, vol. 17, no. 5, pp. 480–484, 1975.

[33] T. Maeno, “Structure and function of finger pad and tactile recep-
tors,” J. Robotics Society of Japan, vol. 18, no. 6, pp. 772–775, 2000.

[34] J. B. F. Van Erp, “Guidelines for the use of vibro-tactile displays
in human computer interaction,” in Proc. of Eurohaptics Conference,
pp. 18–22, 2002.

[35] A. I. Weber, H. P. Saal, J. D. Lieber, J.-W. Cheng, L. R. Manfredi,
J. F. Dammann, and S. J. Bensmaia, “Spatial and temporal codes
mediate the tactile perception of natural textures,” Proc. National
Academy of Sciences, vol. 110, no. 42, pp. 17107–17112, 2013.

[36] E. Gamzu and E. Ahissar, “Importance of temporal cues for tactile
spatial-frequency discrimination,” J. Neurosci., vol. 21, no. 18,
pp. 7416–7427, 2001.

[37] L. A. Jones and A. Singhal, “Perceptual dimensions of vibrotactile
actuators,” in Proc. IEEE Haptics Symposium, pp. 307–312, 2018.

Chiara Gaudeni received the M.S. degree (cum
laude) in Automation Engineering in 2017 from
the University of Bologna, Bologna, Italy and the
B.S. degree (cum laude) in Biomedical Engineer-
ing in 2014 from the Marche Polytechnic Uni-
versity, Ancona, Italy. She is currently working
toward the Ph.D. degree at the Department of
Information Engineering and Mathematics, Uni-
versity of Siena. Her research interests include
robotics and haptics, focusing on cutaneous
force feedback techniques in teleoperation and

haptics for robot-assisted surgery. She is a member of the IEEE.

Leonardo Meli received the M.S. degree in
Computer and Automation Engineering and the
Ph.D. degree in Information Engineering from
the University of Siena, Siena, Italy, in 2012
and 2016, respectively. He was an exchange
student at the Karlstad University, Sweden in
2010. He spent the last 4 months of 2015 visiting
the BioInstrumentation Laboratory at the Mas-
sachusetts Institute of Technology, Cambridge,
Ma, USA. His research interests include robotics
and haptics focusing on cutaneous force feed-

back techniques, teleoperation systems for medical applications, and
grasping. He is a member of the IEEE.

Lynette A. Jones (PhD McGill University) is a
Senior Research Scientist in the Department of
Mechanical Engineering at MIT. Her research is
focused on tactile communication systems and
the development of wearable vibrotactile dis-
plays that can be used for navigation and com-
munication in real and simulated environments.
An additional research area is the development
of thermal displays. She was the Editor-in-chief
of the World Haptics Conference Editorial Board
from 2008-2011 and is the Editor-in-chief of the

IEEE Transactions on Haptics. She is a Fellow of the IEEE.

Domenico Prattichizzo received the M.S. de-
gree in electronics engineering and the Ph.D.
degree in robotics and automation from the Uni-
versity of Pisa, Italy, in 1991 and 1995, respec-
tively. In 1994, he was a Visiting Scientist with
the MIT AI Lab, Cambridge, MA, USA. Professor
of Robotics at the University of Siena, Italy and
Scientific Scientist at Istituto Italiano di Tecnolo-
gia, in Genova, Italy. President of the Eurohap-
tics Society. Co-founder of the startup WEART,
a startup on VR/AR applications. From 2015 to

2016 he has been Associate Editor of the IEEE Robotics and Automa-
tion Letters. From 2007 to 2013 he has been Co-Editor in Chief of the
IEEE Transactions on Haptics. He participated in the foundation of the
journal in 2007. From 2003 to 2007, he has been Associate Editor of
the IEEE Transactions on Robotics and IEEE Transactions on Control
Systems Technologies. He has been Chair of the Italian Chapter of the
IEEE RAS (2006-2010). He is involved in different robotics projects and
from 2013 to 2017 he was the Coordinator of the IP collaborative project
WEARHAP. He is a Fellow of IEEE since 2016.


