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Abstract— We have developed a rehabilitation setup based
on the mirror therapy protocol and leveraging cutting-edge
technology. We posit that the lost hand functionalities can be
recovered by producing a visual illusion of the impaired hand
motion in virtual reality and inducing the same motion to the
real hand through the actuation of a hand exoskeleton. Our tool
has been tested with several healthy users and evaluated as well
accepted and easy to use. However, research and technological
efforts still need to be done to apply our technology to stroke
patients. This abstract presents our plan and strategy to move
our technology from our lab to real clinical environments
leveraging electromyography sensing information.

I. INTRODUCTION

In rehabilitation, Mirror Therapy (MT) is widely used for
motor function recovery [1]-[3]. The standard scheme can
be summarized as follows: patients move the healthy hand in
front of a mirror, while the impaired one is hidden behind the
mirror itself; the reflected motion of the healthy hand is per-
ceived as a movement of the impaired one; such an illusion
is assumed to stimulate neuroplasticity [1]. Virtual Reality
(VR) enables immersive training environments stimulating
motor learning and recovery, and neuroplasticity [4]. VR-
assisted MT is well-tolerated by patients [5], and improves
the functional abilities of impaired hands [6], [7]. Robotics-
supported therapy is another viable complement to traditional
methods [8]-[12]. These technologies have a lot of potential
in rehabilitation; their extensive use could increase their
acceptance among patients, thus enhancing the therapies’
efficacy [13], [14]. The combined effect of VR and robotics
is promising for clinical research in neuro-rehabilitation [15],
also because it could increase the therapies’ frequency and
duration, resulting thus in better outcomes [16]. However,
the use of these devices at home, and their consequent
widespread implementation remains limited [17]. In the spe-
cific context of MT, to the best of our knowledge, wearable
robotics and VR have been combined only in a recently ap-
proved clinical trial, whose results are not available yet [18].

Recently, we have proposed a feasibility study to verify the
benefit of combining VR and wearable robotics in MT [19].
We posit that the perception of the impaired hand motion,
visually reconstructed in VR and physically transmitted to
the patient through an exoskeleton, increases the MT efficacy.
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Fig. 1.  Our rehabilitation tool for MT. The user wears the exoskeleton
at the left hand and the VR headset. In the VR scene, shown in the white
circle, the right hand is tracked and rendered, while the left hand is visually
mirrored from the right one. The exoskeleton is actuated to move the left
hand and match the posture of the right hand.

In this document, we describe our rehabilitation tool
(Sec II) and discuss our strategy for future work to bring it
into clinics (Sec. III). Section IV concludes our discussion,
claiming that integrating an Electromyography (EMG) sensor
within our setup is a reasonable way to pursue our objective.

II. VR AND HAND EXOSKELETON FOR MT

Our rehabilitation tool is shown in Fig. 1. The user wears
on the left hand (pretended to be the impaired hand) the
exoskeleton provided by Emovo Care [20]. This simple,
portable, and lightweight hand orthosis is composed of two
artificial exoskeletal fingers, worn coupling the wearer’s
index and middle finger, and the ring and pinkie fingers. One
single motor actuates both exoskeletal fingers, resulting in
the coordinated motion of the four wearers’ fingers, to assist
simple opening and closing motions. The user also wears a
VR headset; in particular, we use the Meta Quest 2 [21].
We leverage the headset onboard hand tracking system to
accurately visualize the user’s right hand, pretended to be
the healthy hand, in the VR scene. The right hand motion
is also mirrored along the user’s median plane to produce
the visualization of the left hand. The user slowly closes and
opens their right hand. The exoskeleton is used to induce
such motion to the real left hand of the user, in sync with the
movement rendered in VR. Thus, the visual perception of the
left hand (i.e. the virtual left hand seen in VR) is coupled



Fig. 2. Enhanced configuration of our setup: an EMG sensor can augment
the tool perception skill and open it to interesting rehabilitation applications.

with the physical perception resulting from its motion (as
induced by the exoskeleton on the wearer’s left hand).

Our rehabilitation setup aims at improving MT by aug-
menting the brain illusion of impaired hand motion, by
coupling visual and physical perceptions. As a first step of
our development, we made sure that our tool well integrates
the involved technologies and that it could be positively used
and perceived by potential users (e.g. patients). To this end,
we carried out a user study involving 21 healthy people [19],
to measure the impact of our design choices on the system’s
usability, acceptability, and sense of embodiment. Results
show that the system is well accepted by the users, and we
have obtained positive feedback about its usability and sense
of embodiment. Furthermore, our tool has the potential to
go beyond the efficacy of the MT. In particular, the portable
nature of our platform could allow motor-impaired patients
to take the therapy independently at home, facilitating the
delivery of higher dosages and repetitions, factors that are
typically linked to better therapeutic outcomes. We believe
that this aspect would positively affect the quality of life of
both patients and therapists. The same line of developments
opens up new perspectives in the field of telemedicine, where
a therapist could wear their own VR headset to remotely
assist patients. However, such potential has one single,
crucial starting step to be made: the validation within real
clinical environment. This aspect of our work sets important
research challenges that we discuss in the next section.

III. ROAD TO CLINICAL TESTS

This section explores different directions to move our
current rehabilitation device towards clinical testing. We plan
our future activities around three pillars: the first relates to the
hardware and software components of our tool, according to
which we will investigate how to modify and augment our
setup; the second concerns innovative validation tools that
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Fig. 3.  Myo EMG signals recorded during a rehabilitation experiment

where the user executes simple opening and closing hand motions.

will be used to assess the therapy in an online fashion; lastly,
a line of development is related to the tests with patients.

A. Enhancement of the sensory equipment

Our tool is portable, easy to use, and relatively inexpen-
sive. These features favor the democratization of rehabilita-
tion devices and their large domestic use, improving the life
quality of patients and therapists. However, these positive
aspects, brought by the devices’ lightness, are paid at the cost
of little sensory capabilities that limit the tool’s potential.

Current investigations are devoted to equipping our setup
with additional sensors that (i) do not affect the portability of
the whole device and (ii) provide complementary information
for rehabilitation therapy. To this end, we have built a new
preliminary setup that includes an EMG sensor, see Fig. 2.
We are currently investigating the use of the Myo armband,
widely employed in combination with arm prostheses [22],
to measure the muscular activity of the hand. In the future,
we plan to test other state-of-the-art EMG sensors, such
as the ones provided by Vulcan!, MindRove?, Cometa’® or
Delsys*. This information can be integrated into our setup
to enable additional features. Indeed, an online perception of
the patient’s muscular activity would allow adaptive closed-
loop exoskeleton control, and a consequent positive impact
on the therapy [23], [24].

The research challenge is represented by the need to keep
the processing of EMG signals light and fast, handle its
noise signal (e.g. see the plots of Fig. 3 showing the EMG
signal for a simple hand opening/closing motion), and extract
useful information for online adaptive control (such as the
compliance of the hand). In this regard, AI and Machine
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Fig. 4. Hand compliance estimated by a ML method that fuses information
about the exoskeleton motion and the EMG sensor. In the experiment, the
user changes hand compliance level every 30 s.

Learning (ML) methods can provide the required technology
to compute reliable feedback for the exoskeleton controller.
In preliminary work, we start developing a ML tool to predict
the hand compliance of a healthy user wearing the exoskele-
ton and the EMG sensor. Figure 4 shows the estimate of the
user’s hand compliance for the same experiment of Fig. 3.

B. Online assessment of the therapy

Normally, therapy assessment is performed by clinicians
and lacks high reliability and standardization [25]. A tool
capable of delivering therapy and objectively assessing its
outcome would bring obvious benefits. Robotics offers pos-
sibilities to accurately and objectively assess motor impair-
ment [26], [27], e.g. through proprioception and haptic per-
ception [24] or evaluating the fingers’ range of motion [28],
[29], an indicator of rehabilitation outcomes [30].

We aim to expand our rehabilitation tool to include therapy
assessment capabilities. One challenge is to reach this goal
with simple and lightweight devices, without affecting the
portability and ease of use of the tool. This could be achieved
by using wearable sensors to be seamlessly integrated with
the exoskeleton. Also in this case, a valuable solution is
represented by EMG sensors, but tactile, force sensors or
their combination can be also considered. As in the task
described in Sec. III-A, we could leverage Al techniques
to fuse information from different sensors to measure the
therapy outcome. To this end, we plan to exploit our expertise
in ML that we have developed for other relevant perception
tasks in robotics, see e.g. [31], [32].

C. Validation and testing with patients

The current version of our device has been tested only
with healthy users, while validations with actual patients are
paramount for a rehabilitation tool. We plan to evaluate our
technology with patients in a two-step procedure. Firstly we
will select a small sample of patients and, in a later stage,
we will handle real clinical trials involving a larger pool.
This approach will allow us to tackle the complex task of
coping with patients addressing the corresponding technical,
logistic, and regulatory challenges step-by-step.

Considering a small user study involving few patients,
we could directly extend the validation study proposed with
healthy users [19] and easily verify whether our tool remains
valid regarding usability, acceptability, and safety. Indeed,
very importantly, what is already deemed good with healthy
users may not be the case for patients with hand impairments.
Obtaining feedback from a small number of patients (and
avoiding the logistics duties otherwise required for big pools
of testers) should be enough to modify the tool from an
engineering point of view, and elaborate a set of instructions
for use and wearing procedures tailored to patients.

A full-fledged clinical trial, performed over a long pe-
riod, is required to validate the proposed framework as a
rehabilitation setup. We could measure whether it achieves
different results concerning traditional treatments. We could
also test whether the tool is usable at home by patients. If
so, we could measure how this impacts the frequency of use
and, consequently, the therapy outcome. Preparing a clinical
trial requires complicated work and specialized people, to
follow strictly regulated procedures and ethical guidelines.
Also, patient recruitment is a big challenge to be addressed.

The tests with patients will allow us to verify the sound-
ness of the solutions proposed in Sec. III-A and Sec. III-B.
In particular, we will verify whether the use of EMG sensing
will have a positive impact on our rehabilitation procedure.

IV. CONCLUSIONS

We have developed a mirror therapy setup for the rehabili-
tation of hand impairments. The tool has been validated with
healthy users and is well-accepted, usable, and safe. It is thus
promising for its deployment in real clinical environments.
However, much technical work and research investigation
still need to be done. We discussed these challenges and
outlined three pillars for our future developments: hardware
and software, validation, and clinical trials. We believe that
integrating EMG sensing would add value to our current
framework as it allows our system to remain light and simple,
and would enable more advanced exoskeleton control, and
online quantitative assessment of the therapy. Finally, the
testing phase with patients will allow us to verify the
soundness of the EMG sensing integration in our framework.
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