FingerTac — A Wearable Tactile Thimble for
Mobile Haptic Augmented Reality Applications”

Thomas Hulin'2, Michael Rothammer', Isabel Tannert!, Suraj Subramanyam
Giri', Benedikt Pleintinger!, Harsimran Singh!?, Bernhard Weber!, and
Christian Ott?2

! Institute of Robotics and Mechatronics, German Aerospace Center (DLR),
D-82234 Wessling, Germany
2 Centre for Tactile Internet with Human-in-the-Loop (CeTTI),
Cluster of Excellence at TU Dresden, Germany

Abstract. FingerTac is a novel concept for a wearable augmented hap-
tic thimble. It makes use of the limited spatial discrimination capabilities
of vibrotactile stimuli at the skin and generates tactile feedback perceived
at the bottom center of a fingertip by applying simultaneous vibrations
at both sides of the finger. Since the bottom of the finger is thus kept
free of obstruction, the device is well promising for augmented haptic
applications, where real world interactions need to be enriched or amal-
gamated with virtual tactile feedback. To minimize its lateral dimension,
the vibration actuators are placed on top of the device, and mechanical
links transmit the vibrations to the skin. Two evaluation studies with
N=10 participants investigate (i) the loss of vibration intensity through
these mechanical links, and (ii) the effect of lateral displacement between
stimulus and induced vibration. The results of both studies support the
introduced concept of the FingerTac.
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1 Introduction

Compared to pure cutaneous haptic feedback on the skin, kinesthetic feedback
provides forces and torques. Such feedback is essential for delicate tasks that
occur e.g. in telerobotic applications, where a user is required to intuitively
control the forces applied by the remote robot. However, this benefit comes
at the price of complex mechanical hardware systems. While a couple of well-
developed kinesthetic devices for force and torque feedback for the hand exist,
the situation is different for fingers. Hand exoskeletons are often obstructive and
have limited force capabilities. In comparison, tactile feedback can be realized
by much leaner and lighter devices.

* Funded by the German Research Foundation (DFG, Deutsche Forschungsge-
meinschaft) as part of Germany’s Excellence Strategy — EXC 2050/1 — Project
ID 390696704 — Cluster of Excellence “Centre for Tactile Internet with Human-
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A lot of research was conducted towards incorporating several types of strate-
gies into delivering tactile feedback to the user. Pin-arrays use dense arrange-
ments of skin contactors that exert pressure onto the skin to display tactile
information. Such pin-arrays can be actuated using electromagnets [28], piezo-
electric crystals [27], shape memory alloys [26] and pneumatic systems [13]. They
can be used to provide braille dot patterns and virtual surface texture, among
others, to the user. Although such devices are very effective in conducting tac-
tile information via spatially sampled approximation, they are not mobile or
wearable since they usually need a significantly large separate actuation system.
Some tactile displays use the principles of electrovibration and electrical stimuli
to provide vibrational friction, pressure and vibration at the same time [9].

Certain tactile devices apply multi-DoF force vectors on the user’s fingerpad
at one or multi contact points. Minamizawa et al. [12] proposed a wearable
device comprised of two motors and a movable belt in contact with the user’s
finger, designed for generating normal and shear stress to deform the fingerpads
which simulates a weight sensation of a virtual object. The “hRing” proposed
by Pacchierotti et al. [16], is another 2-DoF cutaneous device based on the same
principle as [12], and is used to provide normal and tangential stimulus to the
proximal phalanx of the index finger. Schorr and Okamura [21] presented an
approach that uses a pair of finger mounted devices that deforms the fingerpads
to convey interaction information such as grasping, squeezing, pressing, lifting,
and stroking. Prattichizzo et al. [17] developed a miniature device with parallel
mechanism that applies 3-DoF force onto the fingerpad through a rigid platform
which is actuated using cables and miniaturized motors. Leonardis et al. [10],
developed a wearable haptic device modulates the contact forces, in 3-DoF, by
stretching the skin. Solazzi et al. [23] designed a portable interface with fast
transient that could display contact and orientation information to the user. The
device was later upgraded by adding a voice coil, enabling it to simultaneously
deliver the virtual surface’s orientation and a wide frequency bandwidth of tactile
stimulation [5]. A ferro-fluid based tactile device was fabricated by Singh et
al. [22], that can also transmit both orientation and texture information at the
same time. Although such devices are wearable, the overall structure is not
compact enough to be worn on more than a couple of fingers as it obstructs the
user’s natural workspace.

By far, vibrational feedback has outnumbered other forms of tactile feedback
due to its advantages of being compact, lightweight, wearable and portable. Voice
coil motors and piezoelectric materials are some of the common actuators used to
generate non-directional feedback, such as vibration patterns, for wearables [6],
VR [15] or video games. They can also be used to transmit directional cues
through a wearable belt [25], vest [3] of wristband [18], or for communicating
emotions [1]. Some researchers also use other actuation technologies to generate
vibrotactile feedback, for instance shape memory alloys [20] or electro-active
polymers [2, 14].

While most of the above mentioned devices only work with virtual reality,
there are others that can be used for augmented reality as well, as these de-
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Fig. 1. Conceptual sketch of the FingerTac.

vices interfere only minimally when interacting with real objects. Fani et al. [4]
presented the Wearable-Fabric Yielding Display which can convey softness infor-
mation for passive and active haptic exploration. It was also shown that by con-
trolling the volumetric distribution of acoustic field through a two-dimensional
phased ultrasound array, volumetric haptic shapes can be rendered in mid-air [11,
7]. One of its shortcomings is the limited workspace, where the ultrasound arrays
must create a shape within the functional volume of the device, and is there-
fore not wearable. Taking the research forward in the direction of wearablity,
Spelmezan et al. [24] showed that by placing an array of ultrasound emitters on
the back of the hand and timing the pulses, a tactile sensation on the palm due
to constructive interference can be created. However, ultrasonic emitters are not
small enough to make such a technology wearable at the moment.

This paper follows a different approach and introduces FingerTac, a novel
concept for a tactile thimble. While various approaches exist to generate tactile
feedback at a fingertip, the unique feature of our concept is that it generates
tactile feedback at the bottom side of a fingertip and at the same time keeps
this bottom side unobstructed. This is achieved by inducing vibrational feedback
at both sides of a finger and making use of the limited spatial discrimination ca-
pabilities of vibrotactile stimuli at the skin. Thus, our device generates perceived
vibration in-between the two contact areas where the stimuli are applied. This
unique property makes the device well suited for augmented haptic applications,
where both real and virtual objects need to be touched and manipulated.

The remainder of this document discusses the conceptual idea of the Finger-
Tac in more detail, describes two demonstrators, and presents evaluation studies
as proof of concept.
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2 Concept and Functional Demonstrators

The conceptual sketch of the FingerTac is illustrated in Fig. 1. The device induces
vibrational feedback via two contact areas that are located on both sides of a
fingertip. Vibrational stimuli are applied simultaneously on both contact areas
at similar frequencies, such that the perceived vibration lies in-between the two
areas at the fingertip’s bottom side. At the same time, this central fingertip area
is kept uncovered to enable unobstructed interactions with real objects.

To minimize the lateral dimensions of the device, the actuators are located on
its top side above the fingernail, and the vibrations are transferred from the ac-
tuators to the skin via two vibration transmission elements. Vibrations between
these elements and the body structure are mechanically decoupled through a
flexible vibration isolation structure. The body structure may also hold different
sensors. In particular, a distance sensor at the front of the fingertip would allow
for measuring and feeding back the distance of surrounding objects and could
thereby extend the possible fields of application of such device. For instance,
visually impaired people could benefit from this additional information, which
has recently been shown in a pilot study with a vibrotactile wristband [19].

The following sections discuss design criteria that were considered for the
FingerTac, and describe the functional demonstrators that were built and used
for the conducted user studies.

2.1 Design Considerations

Several design criteria are of importance for the FingerTac in order to achieve
clear tactile feedback, high wearing comfort, and unhindered natural interaction
with the environment. While a wide range of objectives for designing tactile
devices are known [8], the following aspects are of particular relevance for the
FingerTac due to its nature as wearable augmented haptic device:

Unobtrusive shape: A wearable device needs to ensure kinematic compatibil-
ity with the human body movements. Compared to classical tactile devices
that are made for interaction in virtual environments, this objective is of
high importance for the FingerTac, as the device should be used while inter-
acting with both virtual and real environments. The device should minimally
interfere with the fingerpad, so that the user can grasp or interact with real
objects.

Low inertia: Minimizing the overall mass of the device is one of the most
important design goals for a wearable haptic interaction device. Apart from
the overall mass, the distribution of masses also plays an important role
especially during rotational movements of the hand. Components with a
higher mass should be placed as close as possible to the pivot point or center
of the fingers. Heavier components such as the battery can be separated from
the device and placed on rather stronger body parts, i.e. on the hand instead
of the finger.
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Fig. 2. Evaluation prototype and functional demonstrator to evaluate the FingerTac
concept.

High comfort: A wearable haptic device should be comfortable and easily
adaptable to the user’s finger. High contact pressure and sharp edges should
be avoided and a wide range of finger sizes should be covered.

These objectives highly influenced the design of the functional demonstrators
of the FingerTac as described below in the next section.

2.2 Functional Demonstrators

Fig. 2 shows two different devices that were developed to evaluate the principal
idea of our concept and to compare how much signal strength is lost if vibra-
tion is transmitted via vibration transmission elements. The evaluation proto-
type of Fig. 2(a) was developed first to evaluate the effect of the transmission
elements compared to direct contact between actuator and skin. It has two dif-
ferent transmission elements, with the actuator placed on the top and bottom
side respectively.

The functional demonstrator shown in Fig. 2(b) has two identical vibration
transmission elements. They allow for placing the vibrotactile actuators on the
top side of the device (i.e. on the fingernail side). Hence, they make it possi-
ble to reduce the device’s dimensions on the bottom and the sides of a finger.
While the vibration transmission elements are 3d-printed out of traditional PLA
(polylactic acid), a flexible material is used for the body structure such that the
device can be used on fingers of different dimensions. The vibration actuators
are linear resonant actuators (LRA) that provide high oscillation amplitudes
and fast response dynamics. Their nominal operating frequency is 235 Hz and
hence in the range in which the skin has high sensitivity. The technical system
specifications of the built demonstrator are summarized in Table 1.
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Table 1. System specifications of the FingerTac.

system specifications

size 16mm x 24mm X 31mm (1 x w x h)
weight approx. 6 g (+ cables 3 g)

supported diam. range 11 mm — 18 mm

actuators 2 LRAs, @8mm x 3.2mm, 2V

rated frequency 235 Hz

microcontroller ESP32, Espressif Systems, 2.4 GHz

3 Evaluation Studies

In order to evaluate the suitability of the concept and to determine the reduction
of tactile stimulus due to the transmission of vibrations through the vibration
transmission elements, studies were conducted on the evaluation prototype and
the functional demonstrator with N = 10 subjects each.

3.1 Study on the Evaluation Prototype

The first study investigates the influence of the vibration transmission element.
The evaluation prototype of Fig. 2(a) was used for this purpose.

Sample: Nine right-handed and one left-handed employees and students (9
males and 1 female) from DLR took part in this study (age = 26.3 + 2.83 years,
ranging from 23-32). Four of these participants had previous experience with
haptic feedback systems.

Experimental Task and Design: The device was put on the index finger
of the participant. Rectangular vibration patterns were activated subsequently
in random order on each actuator (see Fig. 3). Three different time periods
for the patterns were used (fon = 50ms, tog = {20,100,200} ms). After each
pattern, the participant had to repeat the experiment with changed direction
of the device, i.e. the device was rotated by 180° such that the short and long
transmission elements exchanged their positions.

Procedure: After a short introduction and signing informed consent, the
evaluation prototype was put on the index finger of the participant’s dominant
hand. After the experiment, each participant was asked to fill out a questionnaire.

Results: The participants rated the experiments on a 7-point Likert-type
scale (“Which actuator has the better localizable vibration?”, 1=direct contact
with skin; 7=vibration transmission element, and “How is the intensity of vibra-
tion?”, 1=very low; T=very high). The vibration transmission element resulted
in a better score for localized vibration (M=4.75, SD=1.7). The obvious reason
for the higher localization ratings for the vibration transmission element is be-
cause the vibration is applied over a smaller skin area compared to the actuator
that is in direct contact with the skin.

For the intensity, both actuators obtained similar scores (M=4.7, SD=0.9 for
the vibration transmission element vs. M=4.4, SD=1.2 for direct contact). These
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Fig. 3. Vibration pattern used in the studies. The nominal vibration frequency for the
actuators was 235 Hz.

results indicate that the vibration transmission element is a suitable alternative
to actuators in direct contact with the skin.

3.2 Study on the Functional Demonstrator

The goal of the second study was to show that by providing stimulus to the sides
of a fingertip, the vibrations can be felt in-between at the fingerpad, and that
participants are able to discriminate between different vibration patterns.

Sample: Ten participants (8 males and 2 females, 9 right-handers and 1 left-
hander) were recruited from the student and staff population of the DLR (age
= 25.6 + 7.15 years, ranging from 18-44). All participants read and signed a
consent form.

Experimental Task and Design: The participants executed two different
tasks.

Task 1 — localization of wvibrations: During the first task, the participants
were asked to touch an external actuator in such a way that the actuator was
located directly between the two vibration contact areas of the FingerTac (see
Fig. 4). The actuator was placed on a scale. Participants were advised to keep
the weight on the scale between 400 to 600 g, only with their index finger. In this
range the vibration intensity of the external actuator is comparable to that of
the demonstrator. To improve the participants’ mobility and their view on the
scale, the cable mounting direction of the FingerTac was modified compared to
the original design of Fig. 2(b). In a random order, ten vibrations were presented,
some coming from the external actuator, some from the FingerTac itself. After
each vibration, the participant had to indicate the origin of the vibration.

Task 2 — discrimination of frequencies: The second task investigated the
discrimination capability with regard to different vibration patterns (see Fig. 5).
It consisted of a familiarization period and two subtasks. First, four bricks with
different colors were placed in front of the participants. Each color represented
a different frequency of vibrations (red: 13.33 Hz, yellow: 8.00 Hz, blue: 3.63 Hz
and green: 1.38 Hz). These frequencies were implemented as vibration patterns in
the form of a rectangular function with fixed activation periods of ¢,, = 50ms
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(b) Close-up view on the index finger before and while pressing on the
external actuator

Fig. 4. 1°° task: localization of vibrations. The participants wore the FingerTac on the
index finger of their dominant hand and pressed against an external vibration actuator
with a force between 3.92 and 5.89N (resp. 400 to 600 g).

and different pause times of to,g = {25,75,255,675} ms (see Fig. 3). During
the training, participants touched and held the bricks and feeling the different
vibration patterns. They were asked to touch each brick at least twice to assure
that they are able to recall the patterns during the experiment. As soon as they
felt ready, participants were blindfolded.

Frequency detection subtask 1: Next, all bricks were placed in front of them
and they were asked to identify a specific color, just by feeling the vibration pat-
tern while grasping and touching the brick. After selecting one, the participants
were asked to rate the difficulty of identifying the brick on a 7-point Likert-type
scale (”Please rate the difficulty of identifying the color®, 1=very low; 7T=very
hard). This was repeated six times with a systematic variation of the colors; each
color appeared at least once.
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(b) Close-up views on the index finger illustrating the two subtasks on
frequencies discrimination

Fig. 5. 2" task: discrimination of frequencies. Four different bricks representing four
different vibration patterns were used during this subtask. The participants were blind-
folded during the task and asked to find a brick with a specific color (respectively
vibration pattern) by comparing it to the other bricks’ vibration patterns (subtask 1),
or to absolutely identify the color respectively pattern of a brick without being able to
compare it to the other bricks (task 2).

Frequency detection subtask 2: For the second subtask, the experimenter
handed the participant one brick and s/he had to identify the color. The partici-
pant was asked to rate the difficulty of identifying the color for all six repetitions.
Each subject conducted both tasks subsequently.

Procedure: After a short introduction and signing informed consent, Finger-
Tac was carefully placed on the first phalanx of the index finger of the dominant
hand. Participants wore an ear protection to avoid them hearing the vibrations
during all experiments. During the second task, the participants were blindfolded
after the familiarization period. One experimenter wrote down the answers given
by the participants.

Results: The N = 10 subjects detected the external system in 84.2% of
the cases (significantly more often than guess probability, i.e. 50%, p < .001),
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Table 2. Localization of vibrations

Detected Binomial Test
“External Tactor“ ”FingerTac” Results
Activated Exte.rnal Tactor 84.2% 15.8% p < .001
“FingerTac” 46.2% 53.8% n.s.

while the detection rate for the functional demonstrator was 53.8%, which is not
significantly different from guess probability. This means that the subjects were
not able to tell the origin of vibration if the functional demonstrator was active.

Frequency detection subtask 1: All frequencies were detected correctly in
100% of the cases. Accordingly, subjects indicated that it was rather easy to
detect these frequencies with ratings ranging from M = 1.6 to 2.2 (M(1.38 Hz)=
1.6; M(3.63Hz) = 2.1; M(8Hz)= 2.2; M(13.33 Hz)=1.6).

Frequency detection subtask 2: We found detection rates above 90% for the
both lower frequencies (92.3% for 1.38 Hz and 100% for 3.63 Hz) while detection
rates for the both higher frequencies reached 83.3% (8 Hz) and 85.7% (13.33 Hz).

Table 3. Frequency detection subtask 2

Detected
green blue yellow red
green 1.38Hz 92.3% 7.7%
Activated blue 3.63Hz . 100%
yellow 8.00 Hz .. 16.7% 83.3% .
red 13.33 Hz . . 14.3% 85.7%

The interrelation between activated and detected frequency was analyzed
with Goodman und Kruskal’s Lambda and showed a significant relation (A =
.87; p < .001). Although the difficulty ratings were higher compared to Task 1
they all ranged below the scale mean of M = 4 (M(1.38 Hz)= 2.1; M(3.63 Hz) =
2.9; M(8 Hz)= 3.6; M(13.33Hz)=3.3).

4 Conclusion

This paper introduced FingerTac, which is a novel concept for a wearable tactile
device for mobile augmented haptic applications. Its uniqueness is that it com-
bines, for the first time, augmented haptics on a wearable light-weight device.
As a result, it makes possible simultaneous tactile interaction with virtual and
real objects.

A set of two evaluation studies was conducted to evaluate the effectiveness
of the approach. It was observed that vibration transmission over a mechanical
link is expedient when compared to a vibration actuator in direct contact with
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the skin, because it can result in better localized tactile feedback and slimmer
device design. It was observed from the second study that by providing stimulus
to the sides of a fingertip, the vibrations were felt in-between at the fingerpad.
Furthermore, it could be verified that such device may be used to distinguish
between various objects by providing different vibration patterns. In particular,
a relative discrimination and assignment of four vibration patterns with different
pause periods was easy with a detection rate of 100%. An absolute mapping was
still possible for more than 90% of all cases.

The next technological step is to design and build an integrated battery-
powered version of the FingerTac device. This version may also contain en-
hancements, particularly with regard to additional sensors. It is also up to fu-
ture work to investigate the relevance of the device for different mobile haptics
applications. Since finger usage is task-dependent, using more than two fingers
may be required for certain tasks. Thus, it would be essential for the user to get
tactile feedback displayed on several fingers, which can be achieved using several
FingerTac devices simultaneously.
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