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Abstract. Modern immersive virtual reality (VR) systems include
embedded hand tracking, stand-alone and wireless operation, fast don-
ning and calibration: these features are precious for usability of rehabil-
itation serious games in the clinical practice, envisaging also home-care
applications. Can wearable haptics well integrate with the above fea-
tures? Different designs result in a trade-off between wearability and
richness of feedback. Yet, engagement of the user is also one of the key-
features for rehabilitation serious games. We developed two novel finger-
tip devices aiming the first at lightweight and wearability, the second at
rich and powerful cutaneous feedback. We compared the two designs in
terms of usability and users’ engagement within a modern rehabilitation
system in immersive VR.
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1 Introduction

Immersive Virtual Reality (VR) systems, and in particular Head Mounted Dis-
plays (HMD), have seen in the past decade an impressive progress in terms of
quality of the visual feedback, involving precise head tracking, wider field of
view and higher resolution of the rendered image. Even more, in the last cou-
ple of years certain off-the-shelf products (i.e. Oculus Quest 2) offer advanced
characteristics that considerably improve usability and comfort of the user: they
include wireless stand alone operation, simple donning of the system and fast cal-
ibration of the workspace, and embedded hand tracking. The latter is relevant
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for VR applications that include manipulation: the HMD alone becomes now
enabled for immersive manipulation task without the need of any additional
device. Together with the above features improving overall usability, such recent
technology advances might significantly change the use of VR in certain critical
applications, such as rehabilitation and serious games for educational and train-
ing in general [2,12,15]. In neurorehabilitation, VR systems have been proposed
and experimented in the shape of serious-games, combining engagement of the
user with task oriented motor exercises [5]. Virtualization of the exercise brings
the advantage of intrinsic parametrization, adaptability and repeatability of the
exercises.

Fig. 1. The ‘Potions’ virtual experience, played through the Oculus Quest 2 VR headset
with embedded hands tracking and light wearable haptics

In a recent study, cutaneous feedback devices have been used into a pro-
longed pilot clinical study, integrated into a VR serious game for children with
cerebral palsy [1]. Richness and intensity of the feedback versus lightweight and
compactness of the device represents a common trade-off in the design of wear-
able haptic devices, especially in the design of fingertip haptic devices. In the
last decade a lot of innovative fingertip haptic or multimodal devices have been
proposed in the scientific literature [11,14]. Each device is though to render one
or more specific feature of the interaction between object and fingerpad such
as contact orientation [3,4,13], friction action [6,10], thermal transients [7] or
high frequency vibrations due to texturized surface exploration [8,9]. In most
of the cases wearability and user’s comfort have been considered as secondary
objectives. In this paper novel fingertip haptic devices, able to provide the user
with tactile stimuli in a wide frequency range and specifically designed focusing
on the usability, are in terms of comfort, wearability, usability in a modern VR
rehabilitation system designed for both high immersivity and involvement of the
patient (Fig. 1). The proposed highly wearable thimbles named “LightThimbles”
are compared with more powerful fingertip haptic devices named “HapticThim-
bles” and designed for the rendering of contact no-contact transitions and tactile
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stimuli in the range of 0–350 Hz. The novelty of this work is given by the app-
roach of understanding the trade-off between comfort and usability, and the
richness of haptic feedbacks in a VR application. Specifically this trade-off is
crucial when dealing with rehabilitation contexts, in which patients often strug-
gle to achieve even simple hand or fingers movements and the comfort become
essential for delivering the therapy. As a preliminary study, devices evaluation
was performed with healthy subjects only.

2 Materials and Methods

In this section we describe design of the two haptic devices used in the experi-
ment, the developed serious game in immersvie VR, and the experimental pro-
cedure.

2.1 Device 1: The Light Haptic Thimble

A light and thin haptic thimble has been developed to enhance lightweight,
compact size and wearability. We focused on rendering high frequency compo-
nents and fast transients of the haptic feedback, while eliminating static and
slow force components. This allows to reduce power requirements and size of
the actuators, at the cost of limited rendering capabilities (i.e. no out of contact
transition and no static grasping force). A miniaturized custom-made electro-
magnetic voice coil (outer diameter 12mm, output force 0.4N) was implemented
due to the high quality and wide frequency response of this type of actuators.
The above design choices allowed other advantages improving wearability: the
moving part of the actuator (1◦ of freedom) is designed to be kept always in
contact with the fingerpad through a soft and compliant structure of the whole
thimble (no calibration phase is needed). The thimble is fabricated in soft resin
(Photocentric UV DLP Flexible) making it adaptable to different finger sizes.
Stereo-lithography 3D printing method allows for a high degree of customiza-
tion. The thimble shape increases flexibility and compliance of the frontal part,
supporting the embedded voice coil, and of the two lateral brackets adapting to
different finger size. Total mass of the device is just 7 g (Fig. 2).

2.2 Device 2: The Haptic Thimble

The HapticThimble has been designed with focus on both the quality and rich-
ness of the feedback provided to the user. The device has the same actuated DoF
of the LightThimble but the HapticThimble allows a 4 mm stroke of the contact
plate performing also the rendering of contact no-contact transitions between
fingerpad and virtual object. The moving part is thought to be lightweight and
it moves on low friction plastic bushings in order to increase the maximum feed-
back frequency allowed (i.e. 350 Hz). Moreover, the compact custom designed
voice coil placed on top of the device, is able to provide the user also with con-
stant forces. To increase the users comfort the device does not constraints the
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Fig. 2. The novel Light Thimble haptic device with design focused at lightweight and
compactness.

finger distal joint, in fact it is thought to be fastened on the middle phalanx of
the finger, whereas the actuated part, placed on the distal phalanx, is connected
to the fastened part by means of a revolute flexure hinge coaxial with the finger
joint axis. A small contact area between the actuated part of the device and the
fingertip guarantee that the two moves together. Finally, the part of the device
covering the user’s finger has been white painted in order to better perform with
the vision based markerless tracking system (Fig. 3).

Fig. 3. The novel HapticThimble with design aimed at richness and high quality con-
tact feedback.

2.3 The Virtual Reality Serious Game: Potions

The virtual reality experience is part of a serious game developed in our labora-
tory for neurorehabilitation of children with cerebral palsy. It takes place into an
alchemist laboratory where the player is asked to prepare a magic potion, mixing
several ingredients in a cauldron (Fig. 1). The game requires the player to per-
form parametrized pick-and-place and prono-supination motor tasks, in order
to pour the right ingredients into the cauldron. The game asks for precision in
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pouring the correct amount of liquid, shown by a green reference line on a large
purple progress bar on top of the cauldron. The game loop is structured as fol-
lows: a) a red arrow suggests to the player the ingredient that has to be picked
up, b) the player grabs the ingredient performing a hand-pinching motion, c)
the player brings the ingredient on top of the cauldron, d) starts to pouring it
after rotating the wrist over 80◦, and e) tries to get the progress bar as close as
possible to the shown target, interrupting the flow decreasing the wrist rotation
angle towards less than 70◦. This loop is repeated for five ingredients, until the
recipe is completed.

Regarding the rendered haptic feedback, the grasping action generates a fast
transient at the contact threshold, followed by a continuous normal force, as
long as the object is grasped. The pouring phase adds a continuous vibration,
synthesized from the audio signal of a pouring liquid.

2.4 Experimental Setup and Protocol

Nine subjects (3 females), age 29.40 ± 3.59 years, height 1.74 ± 10.43 m have
been enrolled in this study and signed an informed consent before joining the
experiment. The study was approved by the Joint Ethical Committee of the
Scuola Superiore Sant’Anna and Scuola Normale Superiore of Pisa, Italy. Each
subject experienced three gaming sessions in random order, one for each experi-
mental condition: hands-free (HF), wearing the Light Thimble (HS), and wearing
the Haptic Thimble (HB). Each session required the subject to wear the Ocu-
lus Quest 2 VR headset, to complete one round of the Potions game, and to
answer a questionnaire. Questions were selceted in order to evaluate comfort
and ease of interaction, immersion, and role of the visual and haptic feedback.
The same questions were proposed after each condition. Q1, regarding previous
VR experience, was asked once (Table 1).

Table 1. Participants answered questions from Q2 to Q9 after each condition.

Questionnaire

Q1 VR experience Rate your familiarity with Virtual Reality (VR)

Q2 Naturalness Was the interaction with the environment natural?

Q3 Hand coherency Was the pose of the real and virtual hands coherent?

Q4 Ease of the task Was the task easy to accomplish ?

Q5 Comfort Rate the comfort of the wearable equipment

Q6 Immersivity Did you feel immersed in the virtual experience?

Q7 Virtual environment How much the 3D environment enhanced the experience?

Q8 Haptic feedback How much the haptic feedback enhanced the experience?

Q9 Overall experience How would rate the overall experience?

Regarding objective results, time duration and the pouring precision were
chosen as performance metrics. The time duration included the overall time spent
to accomplish each session. The pouring precision is the difference between the
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reference and the poured amount, averaged over all the five potions used in the
session. Data were analyzed using the Kruskal-Wallis non-parametric statistical
method with Dunn’s post-hoc test.

3 Results

Results showed noticeable differences among the three conditions, reflecting the
expected trends in both in-game recorded data and questionnaires, although
not all the differences were statistically significant. For the former case, Time
and Pouring Precision performance metrics were analyzed and Kruskal-Wallis
test found a statistical difference among the three groups for both metrics (see
Fig. 4). For Time, Dunn’s test reported a significant difference between HF and
HS groups (p = .0040) and HF and HB groups (p = .0004) but not among HS
and HB groups (p = .7984). For Pouring Precision, a significant difference was
found among HF-HB groups (p = .0369) but not among HF-HS (p = .1755) and
HS-HB groups (p = .7763).
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Fig. 4. In-game performance metrics graphs across the three experimental conditions

For what concerns questionnaire results, Kruskal-Wallis test did not found
any significant difference among conditions. Answwers to the questionnaire are
reported in Fig. 5 for each experimental condition. The mean value of the Q1
(VR experience) for the participants was indicating prevalence of naive subjects.

4 Discussion and Conclusions

With respect to the past, modern VR systems noticeably improve wearabil-
ity and dexterity to the user, adding wireless connectivity and embedded hand
tracking. These features are of great advantage in certain applications, such as
virtual serious games for neurorehabilitation. In this work we evaluated two dif-
ferent haptic thimble designs (plus the hands-free condition) in terms of both
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Fig. 5. Questionnaire answers distribution among all subjects

effectiveness of the haptic feedback and perception of the immersive VR equip-
ment and environment. In terms of quantitative measurements, the Time and
Precision metrics of the virtual task showed a trend between the three condi-
tions: the hands free condition scored the shortest time to perform the task,
while the most intense feedback of the Haptic Thimble performed the best in
terms of precision. The finding suggests on one side the importance of a rich hap-
tic feedback to improve precision in manipulation tasks, and on the other side
how the addition of wearable devices seemed to slow down task execution. This
might be due to a combined effect of the physical presence and perception of the
wearable devices and of the possibly deteriorated tracking performance of the
VR system. We intend to further investigate this point, by means of redundant
tracking systems. The questionnaire suggests additional information, although
not statistically significant. Differences between conditions were narrowed by the
overall high reported scores Surprisingly, the hands-free condition did not show
noticeably higher score in questions regarding comfort, naturalness and ease of
the task. However, the virtual experience was relatively short and possibly not
sufficient to emphatize different levels of fatigue. The LightThimble reported in
general the highest scores related to the overall evaluation of the experience, nat-
uralness of the interaction, and in particular immersivity. The HapticThimble
condition was rated the highest score in terms of haptic effectiveness, with lower
scores than the LightThimble for coherency of hand tracking, natural interaction
and comfort. Concluding, the experimental experience investigated how different
designs of wearable devices influence interaction and perception into an immer-
sive virtual experience. Quantitative metrics of task execution showed a clear
trend at increasing size of devices and richness of the haptic feedback, resulting
in a trade-off between speed and precision. Participants preferences suggested
that a highly wearable but limited intensity haptic device was the most effective
for the given environment. Other design choices (or hands-free) can be more
suitable for different scenarios involving precise manipulative tasks, or, at the
opposite, faster movements and dynamic interaction.
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Open Access This chapter is licensed under the terms of the Creative Commons
Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/),
which permits use, sharing, adaptation, distribution and reproduction in any medium
or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were
made.

The images or other third party material in this chapter are included in the
chapter’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the chapter’s Creative Commons license and
your intended use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright holder.
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