Design of a Mixed Reality Environment
for the extrapolation of Reference Trajectories
in Upper-Limb Rehabilitation

Anna Bucchieri, Stefano
Buccelli, Giacinto Barresi
Istituto Italiano di Tecnologia
anna.bucchieri@iit. it
stefano.buccelli@iit. it
giacinto.barresi@jiit. it

Federico Tessari

Cambridge, Massachusetts
ftessari@mit.edu

Abstract—Upper-limb rehabilitation involves the repetition of the
same movements in time. Mixed Reality (MR) technologies can be
usefulto both enhance patients’ engagement and provide guidance
through visual and acoustic feedback. In this study we present the
design of a MR serious game for the shoulder rehabilitation. The
application was tested on five healthy subjects while performing a
motion capture analysis with the aim to extrapolate normative
volumes, associable to tunnels. In the future work, the resulting
tunnel shapes will be then imported into the MR environment to
be exploited as reference trajectories for pathologic subjects. The
volumes can also be used to imple me nt time -inde pende nt control
strategies on an upper-limb exoskeleton.
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1. INTRODUCTION

Upper-limbrehabilitationis crucial for the recovery of motor
functions followinga traumatic event, suchas a musculoskeletal
disorder in case of orthopedic patients or a neuro-functional
accident in case of neurological ones. Especially for the latest,
rehabilitation is characterized by highly repetitive and intensive
movements which may result in long-lasting and tedious
therapy sessions [1]. To enhance therapy outcomes, upper-limb
exoskeletons have proven to be useful in increasing the intensity
and motivation during the rehabilitative sessions [2],
particularly thanks to the implementation of assistive control
strategies guiding the subjects along defined trajectories.
Different kind of technologies can be employed to encourage
patient’s motivation during the exercises (e.g. serious games
presented by means of monitors or headsets for Virtual Reality)
which can be integrated to the robotic rehabilitation [3].
However, this application does not encourage the interaction of
the patients with the physical environment, leading to Activities
of Daily Living (ADLs) deterioration [4].
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On the other hand, Mixed Reality (MR) technologies allow to
visualize digital objects overlaid to the real world and interact
with them as physical objects [5], thus creating serious games
characterized by a better hand-eye coordination experience with
respect to most common applications on bidimensional displays
[4]. This is particularly important in the occupational therapy,
where the targetis the recovery of movements in ADLs: a Mixed
Reality approach allows the design of multiple scenarios for the
exercises, making them more engaging and stimulating [5, 6].
Moreover, the employment of MR technologies might be
exploited not only to motivate the subject, but also as a source
of guidance through feedback to indicate whether the task is
being performed correctly or not [7]. Thanks to the visual and
auditory cues, the patients are able to self-evaluate and self-
correct their performance thus leading to therapy effectiveness
[8]. In this study, we selected a series of movements usually
performed during shoulder rehabilitation and consequently
developed a serious game for MR applications on HoloLens2
focused on a realistic activity such as the Do-It-Yourself (DIY)
one. The application was tested on 5 healthy subjects while
performing a motion capture analysis of the positions of their
right hands. The aim of the work was to analyze the acquired
trajectories and extrapolate reference volumes to be then
imported onthe MR applicationand exploited as references both
for MR and robotic control.

II. MATERIALS AND METHODS

A. Hardware and Software

The proposed rehabilitation environment was created in
Unity and then visualized on Microsoft HoloLens2, a head-
mounted display designed for Mixed Reality applications. The
Vicon optical capture system was used to acquire kinematic data
from subjects. Data were analyzed in MATLAB.
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Fig. 1 Schematic of the MR environment created in Unity. The application is composed by three main tasks which lead to the creation of a bird house.



B. Mixed Reality App

The very first step for the design and development of the
proposed app was the choice of the set of movements.
Particularly, horizontal adduction, shoulder flexion/extension
and pick-and-place ones were chosen. Consequently, a DIY
experience was designed on Unity for MR applications. The
goal of the game is to build a bird house and it is composed by
three main steps (Fig. 1). The first one consists in placing tools
from one desk to another, both located at 40 cm below the eyes
to facilitate the horizontal adduction movement. The target
region is indicated by specific feedback. In the second task the
subject is required to paint wooden boards that represent the
house walls and roofs, all placed on a shelf at the height of eyes.
This application was implemented by exploiting vertical slider
tools. Once painted, the boards need to be picked from the shelf
and placed down on the working desk where the tools were
previously dragged. The completion of the three tasks leads to a
final reward consistinginthe appearance of an already-built bird
house.

C. Motion capture Analysis

The application was tested on 5 healthy subjects, male and
females between 25 and 27 years-old, while performing a
motion capture analysis. For this study, people from 23 female
to 99th male percentiles were selected in order to investigate the
performance of movements in a highly variable population of
subjects. The subjects wore two markers, one on the back,
acting as a reference, and another one on the right hand, which
coordinates in space were registered with respect to the
reference one. The X, y, z coordinates of the hands were then
analyzed.

III. PRELIMINARY RESULTS AND DISCUSSION

The extracted curves were processed in order to eliminate
the offset given by the different subjects’ heights. The analysis
showed how each person performs movements following a
subjective trajectory. However, it was possible to notice how
the set of curves could all be included into a volume of different
shapes, associable to tunnels. Particularly, for the first task, the
movements associated to the dragging of different objects from
one table to another could be included into portions of a torus
and a cylinder of mean radius of 15.42 cm (Fig. 2). About the
third task, the pick-and-place movements could not be included
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Fig. 2 Set of curves representing the cartesian coordinates of the five
subjects’ hands while performing the first task (pick a hammer from one
table and place it on another table). The curves can all be fitted inside a
portion of torus. The light blue curve is related to the subject 1, violet to
the second subject, red to the third, green to the fourth, and yellow to the
fifth subiect.

into a predefined shape: a dedicated algorithm was
implemented to define a custom volumetric shape of circular
section with variable radius with respect to the standard
deviation changes between curves and their mean.

The obtained surfaces were then exported as
stereolithography files to be imported as reference trajectories
into the Mixed Reality environment. The 3D curves will be then
exploited to implement time-independent control strategies for
an upper-limb exoskeleton while performing the interactive
rehabilitation in synergy with HoloLens2. In particular, this
research activity will lead to create a vector field for providing
both an assistance along the longitudinal direction of the
exercise (inside the tunnel) and a correction along the
orthogonal one (perpendicular to the surface of the tunnels).
The combination of the two technologies will be tested on
patients to investigate the rehabilitative impact of such
approach.

IV. CONCLUSION

The preliminary study is based on the extrapolation of
normative reference curves and related 3D volumes, enabling
the upcoming development of a robotic platform for upper-limb
rehabilitation empowered by game-based Mixed Reality
solutions.
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