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Figure 1: For our investigation, we selected four body positions, which are the left hand, right hand, left wrist, and right
wrist. On two gloves and on two sleeves, we mounted four vibration motors at a certain distance (5cm in wrist configuration),
considering the two-point discrimination known in literature. Subsequently, we provided the user with different tactons, not
exceeding a 2bit bandwidth (4 states: A, B, C, D), to investigate the perceptual abilities. Finally, we demonstrate three different
multitasking scenarios in which 2bit- TactileHand could be beneficial.

ABSTRACT
Visual interfaces can provide a great density of information.
However, the required focused visual attention results in
a high cognitive effort. This cognitive load significantly in-
creases when multiple tasks are performed that also require
visual attention. In this paper, we evaluate the perceptual
abilities of 2bit tactons on the wrist and the hand as a type
of complementary feedback. Based on our evaluation, 2bit
tactons are reasonably high perceivable (≈ 92%) at the hand
distributed among several fingers. Additionally, the data con-
cluded that vibrotactile feedback on hand is significantly
more accurate than the wrist, which coincides with the sub-
jects’ preference. TactileHand’s feasibility was demonstrated
in three pilot studies, encoding ambient, explicit and implicit
information into 2bit tactons in different scenarios.
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1 INTRODUCTION
Vibrotactile stimuli as a feedback modality has been widely
explored in different application scenarios, particularly to
convey information when the visual and auditory channels
are overloaded [17] or impaired [58]. Also, it has been used
in multimodal feedback systems to provide redundant or
additional information on the system’s or environment’s
state [2]. Other applications are related to teleoperation or
remote controlling [27] where haptic interfaces are used to
imitate the feeling of touch. While most vibrotactile displays
are designed for specific applications, some research such as
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Ambient Touch [47], T-mobile [61], semFeel [62], and Om-
niVib [3] have explored the potential of a more generalized
vibrotactile displays for mobile devices. Tactile Brush [28],
an on-body tactile grid display, has been developed to pro-
duce two dimensional moving strokes on the skin utilizing
apparent tactile motion and creating phantom sensation.

Building on these researches and drawing inspiration from
Brewester [8], we present 2bit-TactileHand, a vibrotactile
display to replace low-resolution or complement complex
graphical and auditory user interfaces. An information den-
sity of 2bits was chosen, being the maximum limit of infor-
mation a user can process, while engaged in a quick Re�exive
Interaction [37]. This perception limit is supported by Azadi
et al. [6] �ndings, who in particular focused on evaluating
the information capacity for �nger tips and at the forearm.

This research focuses on evaluating the perceptual abili-
ties of 2bit tacton encoded single characters and messages
formed by multiple characters on the hand and the wrist.
We found that 2bit tactons for the hand are signi�cantly
more perceivable than the wrist, which coincides with the
users' preferences. We implemented a proof of concept ap-
plication scenario and received initial user reactions. Our
contributions are twofold:

� Design and development of a wearable 2bit tacton-
based vibrotactile low-resolution display, which was
proven to be slightly better perceivable on the hand
than on the arm.

� Envisioned use cases in which we encode ambient,
explicit, and implicit information into 2bit tactons that
potentially support Re�exive Interaction [37].

2 RELATED WORK

Vibrotactile Displays (VtD) for Sensory Substitution
For sensory substitution, vibrotactile displays have been
widely used with many applications, such as learning and
producing music for deaf users [30, 41, 45, 46], word and
sound identi�cation for deaf users [21, 39, 42], object and
visual context awareness for blind users [15, 58, 63], and
prosthetic limb augmentations [34]. These displays are appli-
cation speci�c and designed for certain body locations. For
instance, in some music sensory substitutions systems, such
as MussBits [46], the feedback is provided by a wrist-worn
interface. Other works also include the torso of the body.

VtD as an Additional/Secondary Feedback Modality
In many applications, vibrotactile feedback has been used
as an additional or secondary feedback modality to improve
task performance. For example, Raj et al. [19] and van Erp
and van Veen [56] discovered that presenting tactile and
visual information, as opposed to solely using visual infor-
mation, improves driving performance. Akamatsu et al. [2]
also discovered that the pointing accuracy can increase, such

as when positioning a pointer while providing additional
tactile feedback to the user. Also, Lehtinen et al. [33] investi-
gated the e�ects of a vibrotactile glove which supports visual
search tasks while pointing. In other domains, such as reha-
bilitation, vibrotactile feedback proved to have a positive ef-
fect on improving the patients' recovery process [14, 29, 49].

VtD for Easing the Visual & Auditory Overload
Previous studies demonstrate that vibrotactile feedback is
generally bene�cial when the visual and/or auditory chan-
nels are overloaded or weakened [48, 50, 55]. Such a system
was designed by U.S. Naval Aerospace medical research lab-
oratory for military pilots [17]. A vest �lled with 32 tactons
and worn on the torso enabled a pilot to increase orien-
tation awareness in relation to the ground. Other applica-
tions include pedestrian navigation, in which vibrotactile
information is used to ease visual overload, such as by us-
ing gloves [54], wristband [44, 59], and shoes [38]. Creating
awareness of orientation and guidance in VR using a vibro-
tactile glove has been demonstrated recently [24]. In sports,
such as football, vibrotactile feedback displays were found to
be useful in providing on �led coaching instructions without
overloading the players' visual or auditory channels [51, 52].
Generally, most vibrotactile displays being proposed in liter-
ature are application-speci�c.

Tactons
As Brewester and Brown de�ned, Tactons are structured ab-
stract messages that can communicate complex information
to users non-visually or non-auditory [8]. Brown et al, [9]
evaluated 9 tactons designed by using 3 amplitude levels and
3 rhythm levels. The results emphasized that tactons could
successfully communicate information in user interfaces. A
similar study was conducted to evaluate tactons, encoded by
using frequency, amplitude and waveform as parameters [26].
Another study conducted by Azadi and Johnes discovered
that the identi�cation accuracy signi�cantly lowers when
there are no spatial cues or parameters in tactons [5]. In a sub-
sequent study, they found that the mean Information transfer
capacity for �ngertips and forearms is 2.23 and 2.58bits [6].
The parameters used to encode these tactons were frequency,
waveform, and duration.

3 THE 2BIT-TACTILEHAND
Placement of Actuators
The design of our wearable vibrotactile display is based on
the two-point discrimination (TPD), which de�nes the mini-
mum distance required for two spatial stimuli to be discrimi-
nated [31, 32]. This also determines the number of actuators
that can be used.If insu�ciently separated, the perception of
two separate points during a simultaneous vibration may not
be distinguishable. Previous work suggests that the hand and
the arm are optimum locations to o�er high spatial accuracy
in perceiving vibrotactile tactons [10].
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Figure 2: Wrist prototype (left) and glove prototype (right).

Hand Configuration.Following literature, �ngertips have
a high resolution of mechanoreceptors [10]. However, it is
desirable to prevent obstructing the �ngertips to maintain
the availability of typical �nger interactions for primary
tasks. Therefore, we positioned actuators on the intermediate
phalanges (see Figure 1). Also, actuators were not attached
to the thumb, as it is the most essential �nger used to grasp
objects. To make �ngertips open, we used partially �nger-
less glove as shown in Figure 2.

Wrist Configuration.Following literature, the forearm's
TPD is 4cm [32], which informed our design. Since only
four actuators were used in the hand con�guration, a four
actuator-con�guration was also chosen for the wrist pro-
totype. Two actuators were placed on the outer arm and
another two on the inner arm, as shown in Figure 1. The
distance in between the motors was approximately 5cm. All
vibrotactors were �xed within a sleeve, as shown in Figure 2.

Throughput of Vibrotactile Stimuli
We used overlapping spatiotemporal stimulation (OST) [35],
which is a special case of spatiotemporal encoding. In OST,
the actuators are activated in sequences, while the vibration
duration overlaps, as shown in Figure 3. For instance, to
convey tacton `A' (see Figure 1- Hand: red dots indicate active
vibrations) with OST (see Figure 3), we �rst activate the motor
at the middle �nger because its sensitivity is lower compared
to the index �nger. After 10ms, the motor at the index �nger
starts vibrating. Both motors vibrate together for 20ms and
stop vibrating simultaneously. To activate tacton `B', the
pinky will vibrate �rst followed by ring �nger, because the
pinky has the lowest sensitivity. Although this yields a higher
transmission duration, it has the advantage of providing a
higher information throughput.

Perceivability
When Luzhnica et al. [35] initially used OST to encode vibro-
tactile messages, they used up to three motors and reported
OST stimuli is di�cult to understand when the number of
motors increased. Therefore, we limit the maximum number
of active motors to two at a time. To minimize the e�ect of
masking, previous research found that the actuator placed

Figure 3: Encoding Techniques: Spatial, Temporal, Spa-
tiotemporal, and Over lapping Spatiotemporal (OST). We
used OST, which apparently is di�erent by an overlapping
actuation. As depicted, in OST, Motor2 starts actuating �rst.
After (Y-X)ms Motor1 starts to vibrate and both motors vi-
brate together for Xms. Both motors stop vibrating at the
same time. In 2bit tactile hand we use X as 20ms and Y as
30ms. Therefore, Y-X is equal to 10ms.

on the �nger with decreased sensitivity, requires a longer
actuation period [35], as Figure 3 illustrates. For the hand
con�guration, the �nger sensitivities are in increasing order
from the pinky, ring, middle, index, and the thumb [25]. For
the wrist con�guration, the location near the wrist, the radial
side is more sensitive [11].

Designing Tactons and Messages
Our tacton design followed a speci�c actuation. For instance,
in tacton `A' (see Figure 1), the actuator on the middle �nger
starts before the actuator on the index �nger, since the mid-
dle �nger is less sensitive. Moreover, to reduce the number of
basic tactons and ensure continued perceivability, the num-
ber of basic tactons involving the pinky �nger was further
reduced, based on its low sensitivity [25]. Finally, we desig-
nated 4 basic tactons. To increase the accuracy in perception,
two vibrotactors were consistently actuated at the same time.
This reduced the information density to 2bit, which are 4
di�erent states (`A', `B', `C', `D' -see Figure 1).

Messages are de�ned as a sequence of tactons with a time
gap of 10ms in between each tacton. The time gap is equal
to twice the minimum value (5ms), as suggested in litera-
ture [22]. Ideally, for four basic tactons (2bit), we could de�ne
a total set of 16 combinations. Considering prior work [35],
combinations involving all 4 tactons were not selected due
to an increased di�culty in understanding. To investigate
more complex information, we created several combinations
of tacton-messages (`AB', `AC', `BC', `CD', `BD', `ABC' ).

Implementation
Based on physiological factors, the vibrotactile frequency
range of the skin has been found within the range of 10-
1000Hz, with a maximum sensitivity of around 250Hz [23].
Therefore, we operated the vibrationmotors at a constant
frequency of 250Hz [57]. We used TianCoolKei LRA (Lin-
ear Resonant Actuator) bone conduction vibrotactors. These
vibration motors were controlled by a Teensy 3.1 microcon-
troller board. The Arduino tone library was used to generate
250Hz output signals to drive the actuators. To amplify the
signal being generated, we used MAX98306 stereo ampli�ers
with a gain of 18dB.
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Table 1: Overall accuracy for tactons based on their
confusion matrices.

Tacton > A B C D

Left Hand 95.5% 96.7% 90.8% 89.6%
Right Hand 100% 93.3% 93.3% 91.7%

Left Wrist 86.7% 81.7% 81.7% 81.7%
Right Wrist 88.3% 83.3% 78.3% 70%

4 EVALUATION
In order to evaluate the perceptual abilities of a 2bit tac-
ton placed on di�erent body positions (left/right hand and
left/right wrist), we conducted two user studies. In our �rst
study, we evaluated a set of 2bit tactons. Additionally, we
sought to explore the potential of tactons in a more com-
plex information form. Hence, in a second study, we also
evaluated messages with all 4 wearable con�gurations.

Participants.We recruited 12 subjects (8 males and 4 fe-
males) aged between 22 and 32 (M = 25yrs;SD= 3:16yrs). 2
of 12 subjects were left-hand dominant.

Apparatus.We developed a pair of tactile gloves, as well
as a pair of tactile sleeves (see Figure 2), both driven by an
Arduino Microcontroller board connected to a MacBook Pro.
An interactive web interface was developed to record the
subjects' responses.

Task and Procedure.We carried out a training phase in
which the subject had the opportunity to familiarize them-
selves with the system. We introduced all basic tactons to
the participant (see Figure 1- `A', `B', `C', `D'). They were
presented 5 times, to increase the participant's con�dence.
After this familiarization phase, we carried out two studies
with the same participants. The participants were asked to sit
and keep their hand with on top of the table in both training
phases and the two studies.

Data Gathering.We collected quantitative data by record-
ing the subject's responses. We evaluated the accuracy based
on the perceptibility, the number of manually triggered rep-
etitions, and the response time. We did not consider the re-
sponse time in our evaluation as the experimenter, at times,
was required to help the participant submit their responses.
After the experiment, we recorded qualitative feedback us-
ing a questionnaire, which requested basic demographics,
previous experience with vibrotactile feedback displays, im-
pression on accuracy, the overall experience of the system in
terms of perceivability, as well as including an open-ended
discussion between the participant and the experimenter.

Study 1: Tactons
We randomly presented a single vibrotactile tacton (see Fig-
ure 1- `A', `B', `C', `D') to the participant and asked them to
identify it. The participant was allowed to replay the stimuli
multiple times before submitting their �nal decision. In total,

Table 2: Overall accuracy for messages based on their
confusion matrices.

Message > AB AC BC BD CD ABC

Left Hand 61.7% 76.7% 95% 80% 65% 88.3%
Right Hand 61.7% 75% 88.3% 70% 60% 81.7%

Left Wrist 80% 65% 58.3% 65% 73% 73.3%
Right Wrist 80% 63.3% 65% 75% 46.6% 71.7%

we presented 20 trials (5 trials each for 4 tactons). All 20
trials were evaluated on di�erent body parts for comparison,
which were right hand, left hand, right wrist, and left wrist.
To minimize the impact of a learning e�ect on our data, we
randomized the order of the presented tacton.

Results.We calculated 4 overall confusion matrices, ac-
cumulated across all 12 participants, for each body posi-
tion. We summarized the outcome inTable 1. The average
accuracy for the right hand (RH) was the highest, which
wasM=94.6% (SD=3.7). The left hand (LH) scoredM=93.2%
(SD=3.4), while the mean accuracy for the right wrist (RW)
was M=80.12% (SD=7.78). The left wrist (LW) reached a simi-
lar rangeM=82.9% (SD=2.5). Furthermore, one-way ANOVA
, showed a main e�ect ((F3,12=9.102;p < .01). A Tukey's
HSD test con�rmed that the di�erences occured between
these pairs: LH-LA, RH-LA, RA-LH, RH-RA (see Figure 4).
Moreover, there was no signi�cant di�erence in RH-LH and
RA-LA pairs. This shows that the hand con�guration is sig-
ni�cantly better for identifying tactons compared to Wrist.
Also, there were no signi�cant di�erences between right
hand and left hand.

Study 2: Messages
In our second study, we presented messages to the subject
in a randomized order, which we limited to 6 messages
(`AB',̀ AC',̀ BC',̀ CD', `BD',̀ ABC'). Similar to the �rst study,
the participants were allowed to re-play the message multi-
ple times before submitting their �nal decision. In total, we
presented 30 trails (5 trails each for 6 messages). Again, all
trials were evaluated on all 4 body positions for comparison
which are the right hand, left hand, right wrist, and left wrist.
To minimize the impact of a learning e�ect on our data, we
randomized the sequence of all con�gurations.

Figure 4: For Tactons one-way ANOVA showed a main e�ect
for the pairs:LH-LA, RH-LA, RA-LH, RH-RA. For Messages,
one-way ANOVA did not reveal a main e�ect.
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Results.Similar to the previous study, we calculated 4 con-
fusion matrices for each body position, accumulated across
all 12 participants, for each body position (see Table 2). The
mean accuracy for the left hand was the highest, which is
M=77.78% (SD=12.94%). The right hand only scored an accu-
racy ofM=72.78% (SD=11.14%). The mean accuracy for the
left wrist wasM=69.11% (SD=7.77%) and for the right wrist,
M=66.94% (SD=11.71%). Although, perception at the hand
appears to be increased over the wrist, a one-way ANOVA
did not show a main e�ect (F3,20=1.106;p>.5) (See Figure 4).

In order to determine the preferred stimuli, we created a
scatter plot (see Figure 5) for each message, showing the num-
ber of correct trials without any repetition against the overall
accuracy of that message. In this plot, we only considered the
results of the the hand con�gurations as yielded higher accu-
racy and 9 out of 12 participants had the impression that the
hand con�guration was easily perceivable. Using a k-means
clustering algorithm, we grouped all data points into three
categories: Low Repetitions High Accuracy (LRHA), High
Repetitions Medium Accuracy (HRMA) and High Repetitions
Low Accuracy (HRLA). Messages understood quickly and
accurately, fall into the LRHA category, which are tactons
`A', `B'. Critical applications requiring an immediate identi�-
cation of minor-complex noti�cations, should rely on these
tactons. When conveying more complex information, such as
identifying an incoming message, the accuracy demonstrated
a decline, while the number of required trials raises. Overall,
most messages >2bit fall into the third category, HRLA, and
are less reliable to distinguish. However, these messages can
still be used for applications, which are not crucial for time
and accuracy purposes, such as ambient information.

Figure 5: Overall Accuracy against Number of Correct Trials
without Repetitions . Blue = Right Hand, Red = Left Hand.

5 DEMONSTRATED USE CASES

Encoding Ambient Information, such as the State of
a Scene in a Virtual Environment
In a virtual environment (VR), encoding ambient information
can contribute to increasing immersion and improving the
user experience [53]. For instance, in gaming, this ambient
information could be the player's stamina or the remaining
ammunition during a shooting scene. This type of informa-
tion is usually displayed visually by a digital Head Up Display
(HUD) overlay. However, in a VR, it can be di�cult to moni-
tor visual overlays. The arrangement of a digital HUD may
be tricky in a CAVE [13]. In these situations, we can project
low resolution ambient information onto the user's body.

Figure 6: VR shooting game: the status of the ammunition
and the recoil was provided via tactons.

To demonstrate the feasibility, we connected our glove
prototype to a shooting game (see Figure 6), in which the user
had to shoot random targets within a given time period. We
informed three ammunition levels of the gun, which are high,
medium, and low by using tactons `A, `B' and `C'. Successful
shoots were indicated by tacton `D'. A pilot study with 3
users, 2 male, 1 female, (31;21;24yrs), using an Oculus Rift
[43] was conducted, while we asked them to elaborate on
their experience. In summary, all participants enjoyed the
feeling of perceiving additional tactile feedback. P2:�It was
more fun when you feel the feedback that you have shot the
target". Also, the participants understood the mapping of the
level of the remaining ammunition .

Encoding Implicit Information, such as Plantar
Pressure to Improve Workout Exercises
Visualizing plantar pressure can be useful to improve pos-
ture, namely while running or performing certain workout
exercises [12, 16]. Current approaches displaying plantar
pressure mainly rely on high resolution visual information
presentation interfaces [1]. In various scenarios, however,
the information density can be reduced to a 2bit display. For
example, when drawing attention to an unhealthy walking
style. Also, providing the user with recommendations to im-
prove his gait, usually relies on <=2bit instructions, such as:
�strike the heel", �put weight on the mid stain", �lift your toe
o�" . Conveying such binary information via tactons can also
contribute to less interruptions while multitasking, enabling
greater concentration on the primary task.
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