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ABSTRACT

The FingerTac provides vibrotactile feedback at the palmar side of
the finger while keeping it unobstructed. Yet, wearability aspects
have been a shortcoming in the design. We propose a redesign that
enhances wearability while preserving functionality. The redesign
was evaluated compared to the original design in a user study. Our
design was perceived as more comfortable, while performance and
haptic sensation were sustained. However, the redesign was inferior
in generating localized vibrotactile perceptions on the finger. This
highlights the importance of balancing wearability and functional
requirements when developing vibrotactile feedback devices. Fur-
ther research is needed to address this challenge and understand
the implications for FingerTac and the design of any haptic device.
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1 INTRODUCTION

The versatility of vibrotactile feedback extends to numerous appli-
cations, with its ability to effectively substitute kinaesthetic feed-
back for force feedback in teleoperation [11, 15], enhance learning
skills [6, 12], and improve precision within Virtual Reality (VR)
environments [3]. Consequently, there has been a notable prolif-
eration of fingertip [13] and smart glove [2] devices incorporating
vibrotactile feedback. Placing the actuator on the dorsal side of
the finger has been a common practice for many of these devices
to minimize interference during grasping tasks. This approach in-
volves transmitting the actuation through mechanical linkages to
introduce stimuli at the palmar side of the finger [5, 7]. The Fin-
gerTac [9] applies this concept to vibrotactile fingertip devices. By
symmetrically introducing vibrotactile stimuli lateral to the finger
pad, the FingerTac creates the illusion of a vibration being exerted
in the middle of the palmar side.

While the FingerTac pushes into the realm of augmented haptics
for interacting with real and virtual objects, the original design by
Hulin et al. [9] (Fig, 1a) still offers room for improvement from a
user-centered perspective. The device adds considerable bulk to
the back, exerts uncomfortable pressure on the fingers, and does
not ensure sufficient stability on the finger. We propose a design
to mitigate these wearability issues while trying to maintain the
functionality of the original design, i.e., users’ haptic sensation and
ability to distinguish vibration patterns and the devices capability
to provide localized stimuli at the fingertip.

2 THEORY

We focus on three aspects: wearability, haptic sensation, and perfor-
mance. Pacchierotti et al. [13] have identified form factor, weight,
impairment, and comfort as the essential requirements concern-
ing the wearability of hand and fingertip devices. Devices must
adhere closely to the body shape, minimize movement restrictions,
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Figure 1: Prototypes of the original [9] and the proposed design of the FingerTac compared in the user study

and ensure a high level of comfort to enable long, fatigue-free, and
efficient use.

The classification and reproduction of haptic sensations pose
challenges due to their diverse nature [10]. However, researchers
have attempted to classify vibrotactile stimuli based on adjectives
and emotional criteria. For instance, Choi et al. [4] classified vibra-
tions solely based on static frequencies using adjectives. Seifi et
al. [14] explored more complex vibration patterns representative of
those found in products. They defined four haptic facets to describe
such complex vibrations, with one facet being sensation. In their
work, the authors developed a semantic differential to evaluate
haptic sensation, consisting of five scales: strength, speed, arousal,
smoothness, and pleasantness [14].

In the context of early prototypes that lack an implemented task
or application, researchers often evaluate their designs based on
more general principles of performance, such as their capacity to
convey vibrations or forces. Hulin et al. [9] conducted an evalua-
tion in which participants were tasked with differentiating between
various rectangular vibration patterns. These types of design eval-
uations provide valuable insights into the effectiveness of early
prototypes in conveying tactile information.

3 METHODS

In the present work, we focus on enhancing the wearability and
maintaining the functionality of the FingerTac device while also
evaluating the impact of the implemented changes on comfort, per-
formance, haptic sensation, and spatial localization through a user
study. To achieve these objectives, we present the redesign of the
FingerTac and outline the methodology employed in our user study
in the subsequent subsections.

3.1 Redesign of the FingerTac

To minimize impairment, our focus was on reducing the size of
the device. Through initial testing, we discovered that a single-
piece design with a single actuator could offer a comparable haptic
sensation to the original design, which utilized two actuators. This
approach not only removed complexity but also resulted in a smaller
overall size. Importantly, we utilized the same actuator as in the
original design, ensuring consistency in the haptic experience. Fig. 1
depicts the prototypes of (a) the original design [9], and (b) our
redesign side-by-side. One can see that the redesign was a successful
improvement on the key requirements of wearability in terms of
form factor and weight.
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The original prototype posed discomfort in two ways: sharp
edges and an uncomfortable pressure exerted by the spring mecha-
nism on the skin. To address these issues, we made several modifica-
tions. Firstly, we increased the contact surface area and rounded the
edges to distribute the clamping force more evenly. Additionally,
the inner shape of the device was designed to be conical, allowing
the pressure exerted by the device to be determined by the user
pushing it onto the finger. Since the flexible body frame was re-
moved, we needed to find a replacement for its dampening function.
Foam was employed to effectively dampen the vibrations transmit-
ted to the dorsal side of the finger. However, the single-part design
limited the device’s adaptability to different finger sizes. While the
conical inner shape allowed for limited adaptation, we still had to
create three sizes (small, medium, and large) to accommodate a
wide range of finger sizes.

3.2 User Study

Study Design. A comparative user study was conducted to assess
and compare the redesigned version of FingerTac with the original
design (within-subject design).

Materials. The actuators were driven using commercial hard-
ware and software provided by Hapticlabs GmbH [8]. The vibrations
consist of blocks defined by duration ¢, to and ., intensity I, and a
fixed frequency f = 235 Hz, which is given by the actuator resonant
frequency.

Comfort. Based on previous findings [1], participants were
asked to rate the comfort of each prototype on a five-point Likert
scale (pleasant—unpleasant). To capture potential variations over
time, two ratings were obtained: one immediately after the proto-
types were put on and another after the completion of the individual
data collection.

Haptic Sensation. Two custom-designed vibration patterns
were used to evaluate haptic sensation and are described in Table 1.
The Vibrations are exemplary for real-world applications. Vibration
A represents a confirmation, while Vibration B starts with a long
fixed intensity, ending with a down-stepping pattern representing
monitoring with a failure in the end.

Participants rated the vibrations of each item on the semantic
differentiall [14] using a five-point Likert scale for both prototypes.
The vibrations were repeated for each item, and participants could
request another playback. The order of prototypes and stimuli
was randomized. This task aims to enhance understanding of the
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Table 1: Two custom-designed vibration patterns (A and B) were used to evaluate haptic sensation and pattern L for the spatial

localization task.

t(inms) Npylses fon (in ms)
pattern A 480 6 80
pattern B 1040 4 {450, 230, 200, 100}
patternL 775 5 {390, 70, 150, 100, 65}

design differences, especially the number of actuators, on the haptic
sensation and, thus, user experience.

Performance. A pattern recognition task was conducted, in-
spired by the methodology of Hulin et al. [9] evaluating the original
design. We focused on two vibration patterns with the smallest dif-
ference from Hulin et al. [9]. Both vibration patterns had an on-time
duration of ton = 50 ms, with varying pause times of tg = 25 ms
and t,g = 50 ms between vibrations and were associated to colors
(blue and red). For both prototypes, participants were introduced to
the patterns in a predetermined sequence to familiarize themselves
with the associated colors. Subsequently, the patterns were played
back in a predefined randomized sequence. Participants were then
asked to identify each pattern by naming the corresponding color.
The number of errors made by participants in recognizing the pat-
terns for each prototype was recorded. This task allowed us to
assess whether the proposed design diminishes effectiveness in
conveying the intended vibration patterns.

Spatial Localization. Participants indicated where they local-
ized a given vibration by marking the area on a body map of a
finger (see Fig. 3) using pen and paper. The employed stimulus is
detailed in Table 1 as pattern L. This task evaluated whether our
proposed design can isolate vibrations from being felt at the dorsal
side of the finger.

Participants. A total of 20 participants (16 male, 3 female, 1
participant did not disclose their gender; M = 28.25years, SD =
3.50, 2 left-handed) took part in the study. All participants provided
written informed consent . All participants were native speakers
and reported as healthy with normal perception. Two participants
were excluded from further analysis of all variables except comfort
due to technical issues during data collection.

Procedure. Participants sat comfortably at a desk during the
study. A privacy screen prevented the participants from seeing
the prototypes in order to eliminate visual influences. For each
participant, the best size of the proposed design (n = 20, ngy,y = 4,
Nmedium = 3 Marge = 11) Was determined. Participants wore both
prototypes (original and redesign) simultaneously on their index
fingers. The side on which the devices were worn was randomly
assigned. Responses were given verbally and were recorded by the
experimenter. Participants recorded their responses to the spatial
localization task themselves.
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I (in %) tof (in ms)

{13,27,43,76,47,7} 0

{80, 56, 37, 14} 20

{20, 0, 30, 70, 20} 0

4 RESULTS

Comfort. The average time between measurements was 17.42
+2.94 minutes. A Friedmann Test was performed to examine differ-
ences in comfort ratings between the two prototypes across the two
measurement times (Fig. 2a), revealing a significant difference in
ratings (x%(3) = 8.92; p = .030). Post-hoc tests (Bonferroni corrected)
indicated a significant difference in comfort between prototypes
only for the first measurement point (z = -.83; p = .043; r = .19),
with the proposed design (M = 3.7, SD = .19) being rated as more
comfortable compared to the original one (M = 3.00. SD = .18). No
significant effect was found between prototypes for the second
measuring time (z = -.73, p = .903), and there were no significant
effects for the change of comfort over time for both the original
design (z = -.05, p = .903) and the redesign (z = .10, p = .806).

Haptic Sensation. To test for differences regarding the haptic
sensation for both vibration patterns (A & B) and both prototypes
(original and redesigned), Friedman tests were performed for the
semantic differential scales strength, speed, arousal, smoothness,
and pleasantness.

Results are shown in Table 2 and reveal a significant main effect
in ratings regarding strength and speed. Dunn-Bonferroni post-
hoc tests were employed to elucidate the main effects. Only for
the strength variable, the tests unveiled a statistically significant
difference between the two prototypes for vibration A (z = -1.33; p
=.002; r = .31). The stimuli elicited by the redesign (M = 3.50; SD =
.20) was perceived as significantly stronger in comparison to those
produced by the original design (M = 2.33, SD = .20). The effect was
not present for vibration B (z = -.78; p = .071; Fig. 2b).

Performance. To evaluate performance data, descriptive sta-
tistics of the recognition errors were analyzed (see Fig. 2c). The
participants failed to recognize the pattern more often for the origi-
nal prototype (M = 1.00; SD = 1.84) as compared with our proposed
design (M = .85; SD = 1.27).

Spatial Localization. The results are summarized in a body
map for each prototype in Fig. 3. For the original design (Fig. 3a),
vibrations were localized mainly on the palmar side of the finger,
while for our proposed design (Fig. 3b), two hot spots appear on
the dorsal and the palmar side of the finger.

5 DISCUSSION

The redesign exhibited a marginal increase in comfort during the
initial measurement, albeit with a weak effect. One possible factor
that may have undermined the comfort of the redesign was the use
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Figure 2: Diagrams for the study results regarding comfort, haptic sensation, and performance (error bars = 95% CI)

Table 2: Results main effects for haptic sensation.

strength speed

x%(3) = 16.35; p=.001  x%(3) = 10.47; p=".01

of a privacy screen, which prevented participants from adjusting
the device for maximum comfort on their fingertips.

Regarding haptic sensation, our redesign was perceived similarly
to the original FingerTac on the semantic differential scales. Sur-
prisingly, despite using fewer actuators, vibration A was perceived
as stronger for the proposed design. Both devices exhibited similar
performance, while the original design outperformed our redesign
in terms of spatial localization. Overall, with the redesign, we could
improve comfort while maintaining functionality. Potential draw-
backs from the more distributed spatial localization of the perceived
vibration stimuli will have to be evaluated regarding specific use
cases. Further, minimizing the device’s size contributes to lower-
ing impairment, which we intend to evaluate in further studies, as
well as other wearability factors. Furthermore, we intend to eval-
uate the overall appraisal of the device and the instrumental and
non-instrumental qualities affecting user experience in specific use
cases to foster a better understanding of design decisions balancing
wearability and functionality.

6 CONCLUSION

In conclusion, the original design exhibited shortcomings in terms
of wearability, which prompted us to make adaptations to address
this issue. In evaluating our redesign, we conducted a comparative

(a) Prototype original design (b) Prototype proposed design

Figure 3: Body heat maps of the spatial localization task

arousal
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smoothness pleasantness

¥2(3)=7.28;p=.064 x*(3)=.51;p=.916 x2(3) = .56; p= .906

analysis with the original design, focusing on wearability (com-
fort) and functionality aspects (haptic sensation, performance, and
spatial localization). Our proposed design was perceived as more
comfortable, yet the distribution of vibrotactile stimuli across the
finger (localization) differed from the original design. The practical
implications of the design choices will be uncovered as soon as the
device is employed to enhance augmented reality interfaces with
haptic feedback.

Eventually, achieving an optimal balance between wearabil-
ity and functionality necessitates making trade-offs. Researchers
and developers in haptic device design should employ appropriate
methodologies to navigate these trade-offs effectively and create
designs that excel in wearability and functionality.

ACKNOWLEDGMENTS

We thank Lisa-Marie Liineburg (Chair of Industrial Design Engi-
neering, Technische Universitit Dresden), and Thomas Miiller and
Michael Rothammer (Hapticlabs GmbH) for their support. This
work has been funded by the German Research Foundation (DFG,
Deutsche Forschungsgemeinschaft) as part of Germany’s Excel-
lence Strategy — EXC 2050/1 - Project ID 390696704 — Cluster of
Excellence “Centre for Tactile Internet with Human-in-the-Loop”
(CeTI) of Technische Universitat Dresden.

REFERENCES

[1] Shabila Anjani, Manon Kiihne, Alessandro Naddeo, Susanne Frohriep, Neil
Mansfield, Yu Song, and Peter Vink. 2021. PCQ: Preferred Comfort Ques-
tionnaires for product design. Work (Reading, Mass.) 68, s1 (2021), S19-S28.
https://doi.org/10.3233/WOR-208002

Manuel Caeiro-Rodriguez, Ivan Otero-Gonzalez, Fernando A. Mikic-Fonte, and
Martin Llamas-Nistal. 2021. A Systematic Review of Commercial Smart Gloves:
Current Status and Applications. Sensors (Basel, Switzerland) 21, 8 (2021). https:
//doi.org/10.3390/s21082667

Cristian Camardella, Massimiliano Gabardi, Antonio Frisoli, and Daniele
Leonardis. 2022. Wearable Haptics in a Modern VR Rehabilitation System: De-
sign Comparison for Usability and Engagement. In Haptics: Science, Technology,
Applications. Springer International Publishing, Cham, 274-282.

—_
o,

[3


https://doi.org/10.3233/WOR-208002
https://doi.org/10.3390/s21082667
https://doi.org/10.3390/s21082667

Balancing Wearability and Functionality in the Design of a Haptic Fingertip Device

(4]

&

[10

[11]

[12

[13]

[14]

[15]

Mi Hyun Choi, Boseong Kim, Hyung-Sik Kim, Ji-Hun Jo, and Soon-Cheol Chung.
2019. The use of natural language to communicate the perception of vibrotactile
stimuli. Somatosensory & motor research 36, 1 (2019), 42-48. https://doi.org/10.
1080/08990220.2019.1580568

D. Leonardis, M. Solazzi, I. Bortone, and A. Frisoli. 2015. A wearable fingertip
haptic device with 3 DoF asymmetric 3-RSR kinematics. In 2015 IEEE World
Haptics Conference (WHC). 388-393. https://doi.org/10.1109/WHC.2015.7177743
D. Morris, H. Tan, F. Barbagli, T. Chang, and K. Salisbury. 2007. Haptic Feed-
back Enhances Force Skill Learning. In Second joint EuroHaptics Conference and
Symposium on Haptic Interfaces for Virtual Environment and Teleoperator Systems
(WHC’07). 21-26. https://doi.org/10.1109/WHC.2007.65

F. Chinello, M. Malvezzi, C. Pacchierotti, and D. Prattichizzo. 2015. Design
and development of a 3RRS wearable fingertip cutaneous device. In 2015 [EEE
International Conference on Advanced Intelligent Mechatronics (AIM). 293-298.
https://doi.org/10.1109/AIM.2015.7222547

Hapticlabs GmbH. 21.05.2023. www.hapticlabs.io

Thomas Hulin, Michael Rothammer, Isabel Tannert, Suraj Subramanyam Giri,
Benedikt Pleintinger, Harsimran Singh, Bernhard Weber, and Christian Ott. 2020.
FingerTac — A Wearable Tactile Thimble for Mobile Haptic Augmented Reality
Applications. In Virtual, Augmented and Mixed Reality. Design and Interaction,
Jessie Y. C. Chen and Gino Fragomeni (Eds.). Lecture Notes in Computer Science,
Vol. 12190. Springer International Publishing, Cham, 286-298. https://doi.org/
10.1007/978-3-030-49695-1_19

K. E. MacLean. 2000. Designing with haptic feedback. In Proceedings 2000 ICRA.
Millennium Conference. IEEE International Conference on Robotics and Automation.
Symposia Proceedings (Cat. No.00CH37065). IEEE, 783-788. https://doi.org/10.
1109/ROBOT.2000.844146

M. J. Massimino and T. B. Sheridan. 1993. SENSORY SUBSTITUTION FOR FORCE
FEEDBACK IN TELEOPERATION. In Analysis, design and evaluation of man-
machine systems 1992, Henk G. Stassen (Ed.). Pergamon Press, Oxford, 109-114.
https://doi.org/10.1016/B978-0-08-041900-8.50020-7

S. Miura and M. Sugimoto. 2005. T-RHYTHM: A System for Supporting Rhythm
Learning by Using Tactile Devices. In IEEE International Workshop on Wireless
and Mobile Technologies in Education (WMTE’05). IEEE, 264-268. https://doi.org/
10.1109/WMTE.2005.63

Claudio Pacchierotti, Stephen Sinclair, Massimiliano Solazzi, Antonio Frisoli,
Vincent Hayward, and Domenico Prattichizzo. 2017. Wearable Haptic Systems
for the Fingertip and the Hand: Taxonomy, Review, and Perspectives. IEEE
Transactions on Haptics 10, 4 (2017), 580-600. https://doi.org/10.1109/TOH.2017.
2689006

Hasti Seifi and Karon E. MacLean. 2017. Exploiting haptic facets: Users’ sensemak-
ing schemas as a path to design and personalization of experience. International
Journal of Human-Computer Studies 107 (2017), 38-61. https://doi.org/10.1016/].
ijhcs.2017.04.003

Thomas Debus, Theresia Becker, Pierre Dupont, Tae-Jeong Jang, and Robert D.
Howe. 2002. Multichannel vibrotactile display for sensory substitution during
teleoperation. SPIE, 42-49. https://doi.org/10.1117/12.454744

111

PETRA ’24, June 26-28, 2024, Crete, Greece


https://doi.org/10.1080/08990220.2019.1580568
https://doi.org/10.1080/08990220.2019.1580568
https://doi.org/10.1109/WHC.2015.7177743
https://doi.org/10.1109/WHC.2007.65
https://doi.org/10.1109/AIM.2015.7222547
www.hapticlabs.io
https://doi.org/10.1007/978-3-030-49695-1_19
https://doi.org/10.1007/978-3-030-49695-1_19
https://doi.org/10.1109/ROBOT.2000.844146
https://doi.org/10.1109/ROBOT.2000.844146
https://doi.org/10.1016/B978-0-08-041900-8.50020-7
https://doi.org/10.1109/WMTE.2005.63
https://doi.org/10.1109/WMTE.2005.63
https://doi.org/10.1109/TOH.2017.2689006
https://doi.org/10.1109/TOH.2017.2689006
https://doi.org/10.1016/j.ijhcs.2017.04.003
https://doi.org/10.1016/j.ijhcs.2017.04.003
https://doi.org/10.1117/12.454744

	Abstract
	1 Introduction
	2 Theory
	3 Methods
	3.1 Redesign of the FingerTac
	3.2 User Study

	4 Results
	5 Discussion
	6 Conclusion
	Acknowledgments
	References

