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Abstract— Several studies demonstrate the importance of an
early, constant and intensive rehabilitation following cerebral
accidents. This kind of therapy is an expensive procedure
in terms of human resources and time, and the increase of
both life expectance of world population and incidence of
stroke is making the administration of such therapies more
and more important. The development of new robotic devices
for rehabilitation can help to reduce this cost and lead to new
effective therapeutic procedures.

In this paper we present an exoskeleton for the robotic-
assisted rehabilitation of the upper limb. This article describes
the main issues in the design of an exoskeletal robot with high
performance, in terms of backdrivability, low inertia, large
workspace isomorphic to the human arm and high payload
to weight ratio. The implementation of three different robotic
schemes of therapy in virtual reality with this exoskeleton,
based on an impedance conirol architecture, are presented
and discussed in detail. Finally the experimental results of a
preliminary evaluation of functionality of the system carried
out on one patient are presented, and compared with the
performance in the execution of the exercise obtained with
healthy volunteers. Moreover, other preliminary results from
an extended pilot clinical study with the L-Exos are reported
and discussed.

I. INTRODUCTION

The impairment of upper limb function is one of the
most common and challenging sequelae following stroke,
that limits the patient’s autonomy in daily living and may
lead to permanent disability [1]. Although stroke incidence
data may differ significantly between different countries, it
is to be noted that Italian statistics [2] show that 30% of
stroke patients suffer from Activities of Daily Living (ADL)
limiting disabilities, arm paralysis or arm paresis being the
most common. Partial or total motor functionality recover is
therefore without a doubt a fundamental prerequisite leading
to major improvements in the quality of life for stroke
patients. On this basis, the creation of effective robotic reha-
bilitation devices which allow significant motor recovery in
chronic stroke patients has become an actual and challenging
research area.

Well-established traditional stroke rehabilitation tech-
niques rely on thorough and constant exercise [3], [4], which
patients are required to carry out within the hospital with
the help of therapists, as well as during daily life at home.
Early initiation of active movements by means of repetitive
training has proved its efficacy in guaranteeing a good level
of motor capability recovery [5]. Such techniques allow
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stroke patients to partly or fully recover motor functionalities
of the hemiparetic side limbs during the acute stroke phase,
due to the clinical evidence of a period of rapid sensorimotor
recovery in the first three months after stroke, after which
improvement occurs more gradually for a period of up to
two years and perhaps longer [6], [7]. However, permanent
disabilities are likely to be present in the chronic phase, after
usual therapies. In particular, a satisfving upper extremity
motor recovery is much more difficult to obtain with respect
to lower extremities [8].

Several studies have attempted to investigate the efficacy
of stroke rehabilitation approaches [9], [10]. Intensive and
task oriented therapy for the upper limb, consisting of active,
highly repetitive movements, is one of the most effective
approaches to arm function restoration [11], [12]. The driving
motivation to apply robotic technology to stroke rehabilita-
tion is that it may overcome some of the major limitations
manual assisted movement training suffers from, i.e. lack of
repeatability, lack of objective estimation of rehabilitation
progress, and the high dependence on specialized personnel
availability. In addition, Virtual Reality can provide a unique
medium where therapy can be provided within a functional
and highly motivating context and can be readily graded
and documented. The cortical reorganization and associated
functional motor recovery after Virtual Reality treatments in
patient with chronic stroke are documented also by fRMN
[13].

Among leg rehabilitation robot devices, Lokomat [14]
has become a commercial and widely diffused lower limb
robotic rehabilitation device. It is a motorized orthosis able
to guide knee and ankle movements while the patient walks
on a treadmill. Concerning arm rehabilitation devices, both
cartesian and exoskeleton-based devices have been developed
in the last 10 vears. Some of them will now be briefly
described from a design perspective.

MIT Manus [15], [16] and its commercial version InMo-
tion2 [17] are pantograph-based planar manipulators, which
have extensively been used to train patients on reaching exer-
cises and have been constantly evaluated by means of clinical
data analysis [18]. The machine is 3-DoF, 2 of which being
actuated. It has been designed to be backdriveable as much
as possible and to have a nearly isotropic inertia. ARM-guide
[19], [20] is a device which attaches to the patient’s forearm
and guides the arm along a linear path having a variable angle
with respect to the horizontal position. Constraint forces and
range of motion are measured throughout the exercises. The
MIME (Mirror Image Movement Enabler) system [21] is
a bimanual robotic device which uses an industrial PUMA
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Fig. 1. A comparison between the kinematic schemes of a classical
manipulator and an exoskeleton system

560 robot that applies forces to the paretic limb during 3-
dimensional movements. The system is able to replicate the
movements of the non-paretic limb.

Exoskeletons are robotic systems designed to work linked
with parts (or the whole) of the human body, as shown
in Figure 1. In general robots are designed for a defined
workspace where they perform specific tasks autonomously
[22]. In such a condition, the issue of the physical interaction
between robots and humans is considered in terms of safety.
The design of exoskeleton systems stems from opposite
motivations that intend the robotic structure to be always
maintained in contact with the human operators limb. Such a
condition is required for several applications that include the
use of master robotic arms for teleoperation, active ortheses
and rehabilitation [23].

The condition of physical contact between the exoskeleton
and the human body is not related to a single point of contact,
like it happens for haptic interfaces presenting a stylus at the
end-effector grasped by the human operator. The physical
link between the exoskeleton and the human body refers to
several points of attachment, vusually at least one for each
limb: in such a condition the exoskeleton robotic structure
presents two possible simultaneous functionalities:

1) Following and tracking the body movements in terms
of the complete spatial configuration of the limb;

2) Being able to generate forces and exert them to the
human body through the points of attachment.

The strict correspondence of the exoskeleton workspace
with the human limbs workspace defines constraints for the
kinematics and range of joint motions of the exoskeleton
robotic structure.

Another design constraint is represented by the simultane-
ous presence of the limb volume and the robotic structure:
due to the physical continuity of the body, the mechanical
structure of the exoskeleton cannot occupy the same limbs
volume and, consequently, it is usually shaped in order to
wrap up the limb itself.

Since the beginning of the research in teleoperation,
robotic exoskeletons have been devised as natural solutions
for master arms since they allowed the tracking of the human
operators arm in a direct and immediate way. Experiments
on exoskeletons have been performed also at the JPL during
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1970s [24]. Sarcos [25] developed a master arm integrat-
ing also grasping capabilities for the hand uvsed for the
remote control of a robotic arm, while at PERCRO arm
exoskeletons have been developed for interaction with virtual
environments since 1994 [23], [26], [27]. Exoskeletons can
be suitably emploved in robotic assisted rehabilitation [28].

Two exoskeleton-based systems have been developed at
Saga University, Japan. The older one [29] is a 1-DoF in-
terface for the human elbow motion, where angular position
and impedance of the robot are tuned relying on biologi-
cal signals used to interpret the human subjects intention.
The newer neuro-fuzzy controlled device [30] is a 2-DoF
interface used to assist human shoulder joint movement.
Another device, the ARMin, has been developed at ETH,
Switzerland [31], [32]. This device provides three active
DoFs for shoulder and one active DoF for elbow actuation.
The patient is required to perform task-oriented repetitive
movements having continuous visual, auditory and haptic
feedback. Salford Exoskeleton [33], which is based on pneu-
matic Muscle Actvators (pMA) and provides an excellent
power over weight ratio, has also been used in physiotherapy
and training

A recent survey [34] on the efficacy of different robot
assisted therapies outlines that robotic-aided therapy allows
a higher level of improvement of motor control if compared
to conventional therapy. Nevertheless, it is to be noted that
no consistent influence on functional abilities has vet been
found.

In this paper we present the design of the L-Exos system
[35], which is a force-feedback exoskeleton for the right arm,
and its application for robotic-assisted rehabilitation. Many
technical details of the L-Exos system have already been
presented in [27]. Some of them will be shortly reviewed
within this paper, underlining why such structure is suitable
for arm robotic rehabilitation, which improvements have
been implemented in order to use the device with stroke
patients, which is the structure of the confrol architecture,
and which VR-aided rehabilitation protocols have been im-
plemented. In particular, three different schemes of therapy in
virtual reality are presented in terms of control architecture
and description of the task. The experimental results of a
preliminary evaluation conducted with one patient and with
healthy subjects are then reported and discussed. Moreover,
other preliminary results from a pilot study which is currently
taking place with the .-Exos are reported and discussed.

II. THE L-EXOS SYSTEM

L-EXOS (Light Exoskeleton) [35] is a force-feedback ex-
oskeleton for the human arm. The [.-Exos has been designed
as a wearable interface, capable of providing a controllable
force at the center of user’s right-hand palm, oriented along
any direction of the space, through a handle that can be
grasped by the user, as shown in Figure 2. A button placed
on the handle allows to perform basic selection operations
in the virtual environment.
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Fig, 2.

The L-EXOS worn by a user.

A. Specifications for rehabilitation

The main requirements which have been identified for
an axoskeleton-based robotic device and for the related VR
system in order to be used for neurorchabilitation are here
reported:

+ Easily wearable and vsable structure

+ Ability to apply forces to the end-effector in the range

of 0-100N

+« High correspondance of the robot workspace to an

average human arm workspace

+ Tridimensional exercises in a Virtual Environment with

a scalable mapping from end-effector to virtual dis-
placements

+ Compliancy with possible motor compensation strate-

gies employed by chronic stroke patients

+ Active and tunable arm weight compensation

+« VR development environment for rapid prototyping of

exercises

+ Overll system safety

B. Kinematics

L-exos is characterized by a serial kinematics consisting
of five rotational joints, as shown in Figure 3, of which
the first four ones are actuated and sensorized, while the
last one is only senscrized. Three cartesian hand coordinates
{(i.e.: positions) are therefore controlled by means of four
actuators. The system is redundant in order to comply
with motor compensation strategies possibly performed by
patients (e.g.: elbow movements). The 5th DoF is passive
and allows free wrist pronation and supination movements.

The first three rotational axes are incident and mutnally
orthogonal (two by two) in order to emulate the kinematics
of a spherical joint with the same center of rotation of the
human shouvlder. The target workspace for the shoulder joint
was assumed to be the quadrant of a sphere, as shown in Fig-
ure 4. It is to be noted that the exoskeleton shoulder joint has
a fixed position in space, whereas the human shoulder joint
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Fig. 3. The general kinermnatics of the L-Exos

is not a perfect spherical joint, and its centre may vary with
respect to different arm postures. Such aspect is considerad
not to lead to major problems for the application of the L-
Exos to arm rehabilitation, due to the low level of excursion
which is foreseen for the shoulder joint while performing
rehabilitation exercises. Moreover, the user’s shoulder is
not physically constrained to the exoskeleton device, thus
allowing a greater motion freedom while performing the
required tasks.

135°
anteposition

1407
abduction

Fig. 4. The reachable workspace of the arm exoskeleton

The axes maximum angular displacements, which are
measured from initial to final end-stop positions, are reportad
in Table I. The described configuration may be thought as
isomorphic to the human arm, and the reachable workspace
allowed by the structure corresponds to about 70% of the
reachable workspace of average healthy subjects.

C. Mechanical Design

In order to improve the transparency of use of the davice,
a set of guidelines have been adopted for the mechanical
design:
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TABLE I
AXIS MINIMUM AND MAXIMUM ANGULAR POSITIONS

Axis n. || Angular range
1 120°
2 135°
3 1407
4 10&°
5 1800

s Remote placement of motors: this allows to drasti-
cally reduce the perceived inertia (increase of interface
transparency) and the joint torque required for the
gravitational compensation, and so the motors size and
the transmissions tensior;

¢ Selection of motors with high torque to weight ratio;

» Use of tendon transmissions: even though they have
low stiffness, they can easily transmit torques to joints
placed far apart from motors with zero backlash, low
friction and low weight. Moreover, cable transmissions
are more efficient than gear transmissions, thus ensuring
a better backdrivability grade for the system;

¢ Low transmission ratio: this allows to reduce the con-
tribution of the motors to the perceived inertia at the
end-effector and so to lower the perceived transmission
friction;

s Low or zero backlash implementation of the joints;

s Use of light materials for the construction of the moving
parts;

s Guarantee of a safe, comfortable and ergonomic use of
device.

All the motors of the exoskeleton have been located on
the fixed frame (Link 0). For each actuated DoF, the torque
is delivered from the motor to the corresponding joint by
means of steel cables and a reduction gear integrated at
the joint axis, as shown in Figure 5. Such an arrangement
allows to reduce the masses of the moving parts, by reducing
the mass of the motors {(near 40% of the overall mass of
the exoskeleton) and the additional mass of the structural
parts, to be reinforced in order to sustain the weight of
heavier motors. The inertia perceived by the user at the palm
is also consequently reduced. Vernitron 3730V-115 electric
actuators have been selected due to their high torque to
weight ratio (3.7Nm peak torque vs 650g weight) and torque
to volume (thanks to their hollow cylindrical structure) ratio.

In order to ground the motors long transmissions through
steel cables were implemented that can guarantee low weight
and zero backlash, as shown in Figure 6.

To achieve a higher stiffness of the device at the end ef-
fector, specially designed reduction gears with low reduction
ratio (between 4 and 6, depending on the joint, guaranteeing
an additional mass due to the gear of 345 to 360 grams)
have been integrated with each joint, thus allowing to reduce
the tendon tensions, their elongation and their diameter.
The reduction of the tendon diameter led to a consequent
saving of mass and volume of all the mechanical parts of
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[

Fig. 5.

Scheme of the actuation of the joint 2 of the L-Exos.

the transmission system (pulleys, axles, etc). Thanks to this
solution and to the development of expressly conceived speed
reducers a mass reduction of about 40% for the structural
parts has been achieved, and the transmission system has a
lower mass with respect to more traditional motion and force
transmission solutions. The structural components (links)
have been designed as thin-wall parts, that can house the
mechanical parts of the transmission {pulleys, tendons, axles,
spacers, etc) within the links, protecting the inner parts
from external interference and the user from potential harm
deriving by the tensed steel cables.

Hollow sections, presenting a larger moment of inertia
than bulk sections with the same area, were used to enhance
the stiffness of the thin-wall parts. In order to further improve
lightness and stiffness, the structural components were made
of carbon fiber. Also aluminum parts were bonded on the
carbon fiber structure to realize the connections with other
mechanical components.

The carbon fiber parts were manufactured with the
vacuum-bag technique, and with dies made of carbon fiber
too, due to the low number of prototypes manufactured.

D. Performance of the L-Exos

The L-EXOS can attain very remarkable performance, that
can be summarized as follows:

Force 50 N continuous, 100 N peak force;

Backlash 10 mm at the end effector;

Stiffness Estimated 3 N/mm, measured 2 N/mm
{in worst-case condition);

Workspace approxim. 70% of that of human arm.

The [-Exos has a weight of 11 kg, of which approximately
6 kg distributed on the link 0, i.e. the fixed part, and mostly
due to the mass of the 4 motor-groups. This means the L-
EXOS achieve a weight/payload ratio close to one (100N vs.
11 Kg).

III. A PRELIMINARY CLINICAL TRIAL

The L-EXOS system is currently installed at the Neu-
rorehabilitation Unit, University of Pisa, where the robotic
arm is integrated with a video projection system for the
visualization of the virtual environment and is currently
being employed in schemes of robotic assisted rehabilitation.
The patient is sat down on a seat as shown in Figure
9(d), with his/her right forearm wearing the exoskeleton and
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In order to leave the patient the possbility to actively
cotkluct the task and being passvely gpided by the mwobot
only when hefshe is unable to complete the reaching task, a
suitable impedance contrel has been developed,

The control of the device is based on two concurrent
impedance controls as shown in Figore 11, acting respec-
tively alone tangential and orthogonal directions to the
trajectory, Each of the o models use a centralized cartesian
PD confrel to caculate the fores to exert at the robot end
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With reference to fizure 11, Xqe 15 the target positicn
generated by the minirmm-jerk medel, en and e the tan-

G35

Fig. % The wmn sxoskeleton duting the axscution of the reaching tak
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applied on the cperator's hand and T is the vector of the
joint torgques, J is tha jacobian of the sxoskeleion depending
on the joint position vector q, DE represents the direct
kinernatic algotithim of the device, Fiq) are the gravity
torques and Ty are the torques applisd by the operator
wearing the exoskelaton,

In quasi-static conditions and with gravity, the mapping
batween the applied wrench and the joint torques can ba
derived by means of the principle of virmal works and is
siven by the franspose jacobian of the manipulator:

T=Cq) + I (QF + 1 (1)

The desited force F is computed according to the error
& = Xde — x batween the desired position xge. and the
actual end-effector position x, derived by the DE algorithm
from joint measurerments q. The error is projected along the
two orthogonal directions en and ey and the desired force F
is computed as:

F =Fp +Fy = (Kon + 5K )en + (Ko + 5Ka)er (2)

The stiffness valnes K., and Ao.of the two medals
expressedin acartesian systern have been set to respectively
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Fig. 11. The impedance control scheme of the device in the reaching task

1200 N/m and 500 N/m for the two directions. A lower
stiffness along the trajectory, due to the backdrivability of the
system, allows the user to actively perform the task, while
the value K, provides a visual feedback of the error due
to uncorrect synergistic muscle activation.

B. Free motion task

In the second exercise the patient is asked to move freely
along a circular trajectory, as shown in Figure 12, where it is
constrained by an impedance control. The virtual constraint
is activated through a button located on the handle. Position,
orientation and scale of the circular trajectory can be changed
online, thus allowing the patient to move within different
effective workspaces. No guiding force is applied to the
patient’s limb when he/she is moving within the given
trajectory, along which the patient is constrained by means
of virtual springs.

Frncy CeiTomas iz} 008 04750

WV

Fig. 12. Example of the free motion constrained to a circular trajectory

Also in this task the therapist can actively compensate
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the weight of the patient’s arm through the device, until the
patient is able to autonomously perform the task. This is
accomplished by applving torques at the level of the joints,
based on a model of the human arm, with masses distributed
along the different limbs with a proportion derived from
anatomical data. The absolute value of the each limb mass
is determined according to the weight of the subject.

C. Task of object manipulation

In this task the patient is asked to move cubes represented
in the virtual environment, as shown for instance in figure
13, and to arrange them in a order decided by the therapist,
e.g. putting the cubes with the same symbol or with the
same color in a row, or putting together the fragments of
one image.

For this task the device is controlled with a direct force
control, with the interaction force computed by a physics
module based on the Ageia PhysX physics engine [38], as
shown in Figure 14. By pressing a button on the handle,
the patient can decide to select which cube wants to move
and release the cube through the same button. Collision with
and between the objects are simulated through the physics
engine, so that it is actually possibile to perceive all the
contact forces during the simulation.

Also in this task the device can apply an active compensa-
tion of the weight of the patient arm, leaving to the therapist
the possibility to decide the amount of weight reduction.

Fig. 13. An example of task of manipulation of objects

X Virtual Reality
Physics Engine

Fig. 14. The control scheme of the device in the manipulation task
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IV. PRELIMINARY RESULTS

We have reported briefly in the following the results of a
clinical trial performed with a single patient, to assess the
overall functionality of the system. The subject involved in
the test was a woman aged of 60 that suffered a meningioma
in the left hemisphere of the brain that was surgically
removed a year before the moment of the test. The disease
and the consequent surgical treatment left the subject a
reduced mobility of the right upper limb with reduced range
of motion of arm articulations {in particular of the distal part
of the limb) and reduced speed capabilities. The subject was
not previously used to robotic rehabilitation and tried all the
three exercises for about one hour.

For the first task of target reaching, the subject executed 6
different series with different heights and velocities. Figure
15 shows the cartesian position components (solid lines)
compared to the desired components (dashed lines) of move-
ment for one reaching task (ke = 0.12 m) performed by the
patient at the lowest speed. The task was performed in the
frontal plane with the z axis directed opposed to the gravity
direction and the v axis along the frontal direction, so that
the z coordinate was always kept to zero. The gap between
the robot desired position and the patient’s hand position is
proportional to the force supplied by the robot for completing
the task execution. The patient followed quite correctly the
trajectory for lower speeds, but the gap increased where the
task was executed at higher speeds, as shown in Figure 16(a),
where a higher delay appears. This indicates that the patient,
being unable to actively accomplish the requested task, lets
the device to drag her hand.

0.15 T T T T
Ol oo el e ;

N ool edieres e Sz s o) e

Distance (im)

Tirne(s)

Fig. 15. Patient reaching task at lowest speed vy =5 cm/s

It is interesting to compare the performance of an healthy
subject with the one of the patient, as shown in Figure 16.
In figure 16(b) it is shown the task executed at the same
velocity by an healthy subject. The healthy subject is able to
actively follow the task and no significant delay is present
between the target and the hand position.

This can be explicitly analysed by observing the behavior
of the cumulative position error over time, both for the
patient and for an healthy volunteer. We can see in figure
17, for two reaching tasks executed in different planes, how
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(a) Patient performance.
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(b) Healthy subject performance.

Fig. 16. Patient vs. healthy subject in the reaching task at the maximum
speed vz = 15 cm/s

the healthy volunteer presents a constant error rate, with
the cumulative error increasing linearly over time. On the
contrary, the patient presents an error rate composed of three
segments with different slope. The first and third segment
with higher slope represent the reaching in the forward and
backward direction, where a slope higher than the healthy
subject indicates a higher average error. The error decreases
only in the second segment, that represents the inversion
point, where the direction of motion is reversed and the
velocity is very low.

For sake of brevity, we do not report here numerical data
relative to the execution of the other two exercises. In the
free motion task, the patient was not able to execute the
exercise until an appropriate level of weight compensation
was provided to the arm. After the activation of the weight
compensation, the patient was able to correctly execute the
task.

In the object manipulation task, it basically emerged
how the patient adopted a compensation strategy of move-
ment supplying with the shoulder girdle the full adduction-
abduction of the forearm. This indicated how a therapy
scheme should consider the adoption of a control with
selective compliance of the joints, that can penalize the
movement of specific articulations. Due to the antropomor-
phic kinematics of the exoskeleton, the implementation of
such a robotic assisted scheme can be implemented and
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Fig. 17. Cumulative position error during task execution vz = 15 cm/s

represents one of the future aspects to be investigated.

V. EXTENDED CLINICAL TRIAL

At time of writing an evaluation protocol is on-going
on a larger sample of patients. In particular, six patients
have been selected to undergo a 6-week robotic-assisted
therapy, in order to quantitatively evaluate the efficacy of
the developed system as a rehabilitation device. A typical
therapy session for this clinical trial has a duration of about
60 minutes (50 minutes for the VR exercises + 10 minutes
for L.-Exos wearing, pauses between exercises, etc), whereas
a therapy frequency of 3 sessions per week is used. Inclusion
and exclusion criteria for the patient selection will now be
reported, as well as preliminar qualitative and quantitative
results obtained from the first three patients.

A, Inclusion and exclusion criteria

The inclusion criteria which have been adopted to select
the participants are the following:

s Right hemiparetic subjects

s Time from stroke greater than 12 months

» No robotic treatment received before.

s Subjects functionally stables: unchanged motor func-
tions in the last month, despite constant traditional
therapy.

s Residual volountary motor control of the right arm with
middle-low motor functions.

+ Ability to sit for long periods (at least 60 minutes).
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s Ability to understand simple commands.

The exclusion criteria which have been adopted to select
the participants are the following:

» Bilateral Motor deficit.

s Severe sensorial deficit in the upper right limb.

s Major cognitive deficit (aphasia) that can compromise

the understanding of required task.

s Neuromuscular disorders.

s Occipital, cerebellar or brainstem lesions.

s Serious spasticity.

s Apraxia.

s Hemispatial neglect.

¢ Shoulder subluxation or pain in the upper limb.

B. Clinical simuation for admirred patients

Further analysis have been conducted prior to patient
admittance to the protocol by means of a motion tracking
system and EMG signals. In particular, the relationship
between the activation of biceps and triceps muscles with
respect to the value of the elbow angle for standard reaching
movements (forward and backwards) has been investigated.
Some typical plots resulting from this analysis are reported
in Figure 18, where angular displacement and rectified EMG
data are reported. The three patients present noteworthy
differences in muscle activation and maximum elbow angular
displacement, which will now be briefly examined.

Patient 1 presents a high level of muscular activation, both
for the biceps and the triceps muscles, without any apparent
relationship to the phase of the reaching task he is perform-
ing. Moreover, the elbow angle spans from a minimum of 75°
to a maximum of 110°. The plateau of the elbow angle which
is reached while performing the task underlines a limited
motion control capability. Further clinical investigations on
this patient indicate a severe proprioceptive deficit of Patient
1, who is not able to locate his hand in space without visual
feedback of the hand itself.

Patient 2 presents a correct activation pattern while per-
forming the reaching task. The triceps muscle is contracted
during the reaching phase, whereas it is released in the
backward phase. A complimentary behaviour is shown for
the biceps muscle. The elbow angle has a wide span from
a minimum of 957 to a maximum of 1407, with a smooth
profile indicating a good level of motor coordination.

Patient 3 presents an irregular muscle activation and elbow
angle profile while performing the reaching task. Moreover,
the elbow angle spans from a minimum of 85° to a maximum
of 105°, thus underlining a severe limitation on elbow
movements. Further clinical evidence clearly confirm these
observations, indicating the presence of shoulder and back
compensation strategies during reaching movements.

C. Qualitative results

Qualitative results and patient feedback have been very
important in this pilot study in order to guide future de-
velopments of the L-Exos for rehabilitation, and they will
be now presented. The three patients have been enthusiastic
with respect to robotic therapy from the very first trial session
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Fig. 18. Motion analysis for the selected patients

with the system, and they have soon gained confidence both
with the robotic device and with the personnel (engineers
and therapists) involved in the pilot study. The concentration
level obtained while performing the proposed exercises has
always been very high, thus improving the quality of the
therapy. All patients report an increased arm motility after
the robotic therapy.

Although quantitative results for the reaching task do
confirm such increased motility for Patient 2 and Patient
3, no significant improvement has been demonstrated for
Patient 1 after Week 6. Nevertheless, Patient 1 reports much
less pain and discomfort when at home, in particular when
he is required to sit at a table (e.g.: having lunch) keeping
his arm on the table. Moreover, Patient 1 initially reported a
high level of discomfort while reaching many of the targets
in the reaching task, which has now disappeared. On the
other hand, macroscopic benefits have been encountered for
Patient 3, who is now able to perform the exercises keeping
the back in a correct position. Moreover, by the end of Week
4 an increment of 20% of both speed level and ball horizontal
span was possible for this patient.

The three patients are now more comfortable when per-
forming the circle drawing task. In particular, Patient 3,
who was initially hardly able to move the exoskeleton
without external aid, is now able to perform the required
movement at high speed. The same patient is now able to
draw much smoother trajectories even without the activation
of the impedance controller on the [.-Exos, as shown in the
comparison of Figure 19. It has to be said that the actual
definition of the constrained motion task can sometimes be
rather discouraging for the patients who, after following the
correct trajectory thanks to the robotic constraint, become
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skeptical about their improvements after seeing the much
more irregular trajectory they can draw without the machine
aid.

Fig. 19. Free circle drawing - Patient 3 (left: Week 1, right: Week 6)

The object manipulation task has been found interesting
for the three patients, who have now become completely
familiar with it, and do not require any hint on the best
successive move. Moreover, patients initially required a great
amount of external help while performing fine movements
(e.g.: inserting a cube in a narrow space between two other
cubes), which is now much less necessary. It has been found
that the proposed image to be reconstructed strongly affects
the patient’s capability of performing the task.

From a quantitative point of view, joint positions, end-
effector positions and forces applied to the end-effector have
been recorded throughout the three tasks at a sampling
frequency of 100Hz. Preliminary results of this pilot studies
will be briefly presented in the following paragraphs for the
first two exercises. As a matter of fact, the aim of the third
exercise was merely to increase the arm mobility, without
any quantitative parameter being monitored.

D. Quaniitative results - Reaching

The normalized cumulative error has been chosen as being
the most significant metric for a pilot study reaching task
data analysis. The normalization parameter has been chosen
as the total task time.

No significant data have been obtained for Patient 1,
whereas Figure 20 shows the results for the reaching task
for Patient 2, who reported the most significant improvement
after the therapy. The plots report the cumulative error for
each movement performed in the reaching exercise with re-
spect to the task completion percentage. Data were recorded
during a session in Week 1 and a session in Week 6. Data
have been fit with a 5th order polynomial, the values of which
have reduced by 50% after the robotic therapy. Moreover, the
variance in the performance between different tasks of a same
rehabilitation session has dramatically reduced from initial
to final rehabilitation sessions, thus indicating a much more
regular and repetitive level of motor coordination. Figure 21
reports the results for the reaching task performed by Patient
3 during Week 1 and Week 6. A mean reduction of the mean
cumulative error of about 35% is clearly visible throughout
the task, and a reduction in the error variance is clearly
visible as well. However, the most significant improvement
indicator for Patient 3 is the shape of the cumulative error
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curves. In particular, a trilinear-like curve (Week 1) with the
typical low-slope, high-slope, low-slope trend indicates that
the patient is not able to completely reach the desired end-
point, thus making the cumulative error significantly increase
in the middle phase of the reaching task. On the other
hand, a straight line (Week 6) indicates a constant level of
average error, which is independent of the task completion
percentage. The Patient has therefore become able to perform
the correct motion for the required task.

Normalized Cumulative Error

Task completion percentage

Normalized Cumulative Error
|

GD 20

40 80 80 100
Task completion percentage

Fig. 20. Reaching results for Patient 2 (up: Week 1, down: Week 6)

E. Quantitative results - Constrained motion

The parameter which has been used to quantitatively
evaluate patients’ improvements for the constrained motion
task is the total time required to complete a full circular
path. 3D position data have been projected onto a best fitting
plane (in the sense of least squares), and the best fit circle
has been computed for the projected points. The time to
accomplish a complete turn has then been evaluated for this
latter trajectory. No quantitative data have been computed
conceming the curvature along the trajectory, which is still
relatively irregular for the three patients. In particular, due
to the fact that the implemented stiffness which realizes the
motion constraint has deliberately been set to a middle-low
value, significant fluctuations around the ideal trajectory are
reported for the patients.

Figure 22 shows the results for the constrained motion
task for Patient 3, who is the the only patient reporting a
statistically significant improvement after the robotic therapy.
His tuming time was of 5.7s + 1.2s in session 1, and of
1.7s + (.65 in session 13, thus reporting a 70% decrease in
the required time to complete the task.
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Fig. 22, Constrained motion results for Patient 3

VI. CONCLUSIONS AND FUTURE WORKS

In this paper a new exoskeletal device for the rehabilitation
of the arm has been presented. The peculiar characteristics
of the exoskeleton as its low weight and the high payload
make it suitable to be used as an effective aid in automated
rehabilitation. The preliminary test carried out with a patient
shows that the robot neither hinders the patient movement
nor causes uncorrect postures on movements. Furthermore
the ability to actively compensate the weight of patient arm
turned out to be a powerful tool that allows the patient
to execute task that it could not successful accomplish
otherwise. It is moreover worthwhile to note that after one
hour of exercise the patient reported not to suffer any pain,
but to be just a little tired. The patient moreover expressed
her enthusiasm towards the system and was very keen to
repeat again the robotic-assisted exercises in future sessions.
This lead to the start of a longitudinal pilot study, which
is currently on-going on a larger sample of patients with
stroke impairment, in order to assess the efficacy of robotic
assisted therapy. The results obtained so far are encouraging
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and strongly suggest to further improve the actual system,
both from a software and from a hardware level, in crder to
widen its range of application. Future work will focus also
on the development of single joint impedance controls for the
selective penalization of movement of a single articulation.
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