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Design, Implementation and Clinical Tests of a
Wire-Based Robot for Neurorehabilitation

Giulio Rosati, Paolo Gallina, and Stefano Masiero

Abstract—This paper presents the development of and clin-
ical tests on NeReBot (NEuroREhabilitation roBOT): a three
degrees-of-freedom (DoF), wire-driven robot for poststroke
upper-limb rehabilitation. Basically, the robot consists of a set of
three wires independently driven by three electric motors. The
wires are connected to the patient’s upper limb by means of a
splint and are supported by a transportable frame, located above
the patient. By controlling wire length, rehabilitation treatment
(based on the passive or active-assistive spatial motion of the limb)
can be delivered over a wide working space. The arm trajectory
is set by the therapist through a very simple teaching-by-showing
procedure, enabling most common “hands on” therapy exercises
to be reproduced by the robot. Compared to other rehabilitation
robots, NeReBot offers the advantages of a low-cost mechanical
structure, intrinsically safe treatment thanks to the use of wires,
high acceptability by the patient, who does not feel constrained by
an “industrial-like” robot, transportability (it can be easily placed
aside a hospital bed and/or a wheelchair), and a good trade-off
between low number of DoF and spatial performance. These
features and the very encouraging results of the first clinical trials
make the NeReBot a good candidate for adoption in the rehabili-
tation treatment of subacute stroke survivors. Clinical trials were
performed with a 12-patient experimental group and a 12-patient
control group. Resulted that the patients who received robotic
therapy in addition to conventional therapy showed greater reduc-
tions in motor impairment (in terms of Medical Research Council
score, the upper limb subsection of the Fugl–Meyer score, and
the Motor Status Score) and improvements in functional abilities
(as measured by the Functional Independence Measure and its
motor component). No adverse effects occurred and the robotic
approach was very well accepted. According to these results, the
NeReBot therapy may efficaciously complement standard post-
stroke multidisciplinary rehabilitation and offer novel therapeutic
strategies for neurological rehabilitation.

Index Terms—Rehabilitation, stroke, subacute phase, upper
limb, wire-driven robot.

I. INTRODUCTION

THE rehabilitation goal in poststroke hemiplegic subjects is
to promote recovery of lost function, leading to indepen-

dence and early reintegration into social and domestic life, and
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reduce the degree of permanent disability. Technology can now
permit delivery of robot-aided neurological rehabilitation treat-
ment in a safe, reliable, effective manner. However, dedicated
machines need to be further fine-tuned to make them work in the
real healthcare environment. Great effort is thus required to find
the best trade-off between low cost systems and functional out-
come benefits. Machines should be easy to transport, especially
in the treatment of subacute patients (i.e., at the start of inten-
sive rehabilitation treatment which is usually within the first two
weeks poststroke) [1]. Moreover, it must be reliable and easy to
use, since in most cases it will be programmed by nontechnical
staff (physicians and physiatrists).

The integration of robotic therapy into current practice may
increase therapists’ efficiency and effectiveness by alleviating
labor-intensive aspects of physical rehabilitation [2], [3], i.e.,
therapy can last longer and several patients can be treated at the
same time under the supervision of a single therapist. The use
of robotic devices in rehabilitation can provide high-intensity,
repetitive, task-specific, interactive treatment of the impaired
upper limb and can serve as an objective, reliable means
of monitoring patient progress. High-intensity, task-specific
upper-limb treatment consisting of passive or active, highly
repetitive movements is one of the most effective approaches
to arm and hand-function restoration [4], [5]. Robotic devices
can be used to manipulate the paretic arm by high intensity,
task-specific movements rather like physical therapy exercises,
i.e., by repetitive movements guided through a stereotyped
pattern. Feys et al. [6] have shown that highly repetitive,
stereotyped movements can be effective in stroke subjects if
the movements are facilitated by external forces applied to
the limb. Nonetheless, robot-assisted rehabilitation is not just
a matter of increased productivity. There is evidence that the
practice of repetitive movements (passive, active assistive,
active) can affect recovery from brain injury [7]. As far as
upper limb rehabilitation is concerned, several authors have
reported encouraging results when the intensity of standard
physical therapy treatment is increased [7], [8]. Other studies
have shown that the repetitive practice of hand and finger
movements against loads resulted in greater improvements in
motor performance and function scales than did Bobath-based
treatment [8].

The most famous, most successful example of a robot de-
signed for neurorehabilitation is probably the MIT-Manus [9].
It consists of a two-DoF, two-link serial robot that can guide or
interact with the patient’s arm over a plane workspace. The pa-
tient’s forearm is fixed to the robot’s end-effector by means of a
splint. The robot features torque sensors and a virtual interface
to provide patients with different training scenarios.

1534-4320/$25.00 © 2007 IEEE
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Although the effectiveness of the MIT-Manus has been
proven by clinical tests, this robot cannot provide all the typ-
ical movements required by conventional therapy, especially
out-of-plane movements. To overcome this limitation, other
approaches have been proposed. A spatial working space is
usually obtained by means of multi-DoF serial robots. Some
examples are as follows.

• The ARM (Assisted Rehabilitation and Measurement)
Guide, a singly-actuated robotic device, which consists
of a handpiece attached to an orientable linear track [10];
although such a robot allows spatial movements, its frame
results heavyweight and the motion quality is affected by
high inertia because of the presence of balancing masses.

• The MIME, a 6-DoF Puma robot arm which is attached
to the arm support on the patient’s paretic side; the de-
vice moves the limb in simple predetermined trajectories
by directly controlling the position and orientation of the
forearm [11]; like most industrial robots, the Puma robot is
meant to operate in an operator-free area, due to its ability
to produce high forces at high speed that could be dan-
gerous for patients; for this reason, we believe that indus-
trial robots do not represent a key tool for the future of
robot-assisted rehabilitation.

• The ARMin, a wall-mounted 6-DoF exoskeleton [12]; an
exoskeleton is capable to perfectly fit around the patient’s
arm, providing all the required movements; the main dis-
advantage of such a robot consists in the complexity of set-
ting the patient’s arm inside the robot itself; moreover, ex-
oskeletons are usually complicated to realize because of
the high number of mechanical components.

• The REHAROB, a robotic system based on two ABB in-
dustrial robots [13].

Unfortunately, these and other serial structure robots are heavy-
weight machines, which are not easily transportable and not in-
trinsically safe should a fault occur in the hardware or software.

The patient’s upper limb can be guided along a spatial path
by means of wire-driven robots. Such robots are light and
intrinsically safe for patients and therapists thanks to the wire
actuation system. On the contrary, serial structure robots are
composed of rigid links which, in the event of failure, can hurt
people sharing the same working space. This is the main reason
why industrial robots are always employed in conjunction with
guarding systems such as enclosures and barriers. Conversely,
wire-based robots do not have moving rigid links. Moreover,
wires are compliant and nearly massless. While redundant
safety systems must clearly always be implemented, this kind
of machine is less likely to hurt the patient in the event of failure.
Finally, patients and/or human operators do not feel constrained
by wire-based robots. This is a key aspect to consider during
the design process since patients and/or users tend to reject
robotic or other high-tech assistance on emotional grounds
[14], [15]. The rehabilitation field provides some examples
of wire-based robots. For instance, Takahashi and Kobayashi
[16] proposed an upper limb motion robot for disabled people.
Another example is SPIDAR-G, a 7-DoF wire-based robot
implemented at the Tokyo Institute of Technology, which al-
lows users to interact with virtual objects by manipulating two
hemispherical grips [17]. More recently, the Gentle/s project

Fig. 1. NeReBot overall view. Patient’s forearm is fastened onto a splint, which
is moved by three directly-driven nylon wires. Graphical interface is used to
keep the patient’s attention focused on the exercise.

proposed an interesting combination of wire-driven technology
and serial robotic structures [18]. Another wire robotic system,
the STRING-MAN, employs the wire-drive philosophy for
gait rehabilitation [19]. Nowadays, only a few of these robotic
devices have been tested in a clinical environment (mainly
the Gentle/s, whose pilot study on 30 patients gave results in
accordance with findings of the MIT-MANUS studies [18]).

All these wire-based robots are typically cumbersome and
cannot be transported inside a clinical environment or em-
ployed for domestic rehabilitation, since they require complex,
stable structures to support the wires. Moreover, they cannot be
used to deliver proper assisted therapy to sub-acute post-stroke
patients who need to lie in bed. Taking into account all the
aforesaid requirements and drawbacks, a new wire-based robot,
named NeReBot (NEuroREhabilitation roBOT), was designed
and built at the Department of Innovation in Mechanics and
Management, University of Padua, Padua, Italy [20], [21]. The
principle is very simple: once the patient’s forearm is fastened
onto the splint, the machine can produce stimulation of the
upper limb by pulling three nylon wires (see Fig. 1). The main
features of NeReBot are as follows.

• It is a 3-DoF wire-driven robot, whose end-effector moves
inside a spatial working space.

• The patient does not have the unpleasant feeling of being
restrained by a machine.

• It is transportable and it can be easily stored after treatment.
• It can deliver therapy while patients are sitting on a chair

or lying in bed.
• The robot frame can be manually set to achieve different

tasks and different patient positions.
These considerations suggest that NeReBot can be effectively

employed in rehabilitation of the upper limb of hemiplegic
stroke survivors. This especially applies during the subacute
phase (early intensive rehabilitation treatment may produce
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Fig. 2. Diagram of the NeReBot structure. Each horizontal arm can be adjusted
by setting its rotation # and by choosing the distance s of ith wire entry point
P from the column axis. In this way, the NeReBot configuration can be opti-
mized for a specific rehabilitation exercise. Machine and patient shoulder refer-
ence frames are also shown.

significant gains in motor function after stroke which do not
end at discharge from inpatient rehabilitation [22]), when firstly
passive therapy and subsequently active assistive therapy can
be delivered. A series of clinical trials have been conducted
with this in mind. The aims of these trials were to: 1) compare
motor-functional recovery of patients undergoing conventional
therapy augmented with robotic therapy to a control group
that received conventional therapy only; 2) evaluate adverse
effects; 3) evaluate toleration and acceptance of the machine
by patients.

This paper addresses not only the mechanical and control
system design issues, but also presents clinical trials. The paper
is divided as follows: Section II describes the mechanical struc-
ture of the NeReBot, Section III addresses working space opti-
mization, Section IV illustrates control system design and im-
plementation, and Sections V and VI present the treatment pro-
tocol and clinical results.

II. MECHANICAL DESIGN

Fig. 2 shows a diagram of the mechanical structure of
NeReBot. The base of the robot is designed in such a way that
the patient can be treated while sitting in a wheelchair (Fig. 1)
or lying in a hospital bed. The base consists of a C-shaped
frame, featuring omnidirectional wheels that can fit under any
commercial hospital bed. A square section column is fixed on
the central part of the base, holding three horizontal round-sec-
tion, hollow aluminium arms on top, which support the wires.
One end of each wire is fastened to the patient’s arm by means
of a special splint (shown in Fig. 3). Let be the point of the
splint to which the wire is attached (where subscript , 2,
3 indicates the wire). The other end of the wire enters the robot
arm at point , proceeds through the arm towards the central
column and then runs down alongside the column. The wire
is eventually wound around a pulley located at the base of the
robot. Each pulley is directly driven by a MAE M 642–1340
dc electric motor, equipped with a BHK 16.05A1000-I2-5

Fig. 3. NeReBot splint close-up. Patient’s hand is supported by a hemispherical
plastic component, while the forearm is fastened by three fabric strips. Front
wire magnetic fasteners are also shown.

Fig. 4. Wire-entry-point regulation system. To the left is a close-up of the end
of the arm. To the right is the aluminium cylinder which can be moved inside
the hollow arm to change wire entry point position; the black knob is used to
lock the cylinder.

1000ppr incremental encoder. Each motor is powered by an
Advanced Motion Controls 25A8 PWM servo amplifier. The
amplifiers and all power supply components fit in an isolated
box located at the base of the robot.

Different kinds of wires have been tested. The optimum wire
in terms of elasticity, strength, motion smoothness, and surface
acceptability proved to be a 1-mm-diameter nylon wire. To im-
prove safety, the wire is connected to the splint by means of a
magnetic fastener (see Fig. 3), which disconnects whenever the
tension applied to the wire exceeds a given value. By replacing
the magnetic insert, different maximum tension values can be
set, according to the patient’s arm weight; 30 N and 50 N were
employed during clinical trials. Moreover, the motor’s max-
imum continuous torque and pulley radius have been chosen so
that maximum wire tension does not exceed a value of 100 N.

To prevent the patient from feeling reducer-related friction,
no gear reducer is employed. Accordingly, there is no need to
measure wire tension during therapy, since its value can be re-
liably estimated as a linear function of the commanded torque
(for static tests accuracy error is ). This neglects dynamic
effects of the electric motor, but the assumption is supported by
the fact that speed and acceleration are very low. One drawback
to this choice is that high rotational speeds could be reached,
since the motor is directly driven. To avoid this problem, we in-
troduced some redundant speed control checks and a watchdog
timer, which power off the system in the event of failure. Three
alarm buttons complete the security system; one of them can be
held by the operator or the patient him/herself, the second one
is mounted onto the central arm, and the third one is fixed on
the power box. The electrical motors are shut down by pressing
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TABLE I
OPTIMAL CONFIGURATION OF THE NEREBOT CALCULATED USING THE SOFTWARE OPTIMIZATION TOOL FOR THE AVERAGE ITALIAN MALE (80 KG MASS, 1,75

M HEIGHT). PATIENT’S SHOULDER POSITION IS CALCULATED IN THE NEREBOT REFERENCE FRAME SHOWN IN FIG. 2. ARM EXTENSION EXERCISE IS A 3-D.
TRAJECTORY OF THE ARM WHICH INVOLVES ABDUCTION, SHOULDER FLEXION, AND ELBOW FLEXION

these buttons and an emergency procedure is spawned by the
controller. As a consequence, the patient’s arm falls down very
smoothly with no risk at all for the patient.

The mechanical structure is fitted with frame-setting mech-
anisms in order to adapt the robot to the needs of the patient
and therapy. A screw-jack mechanism is located inside the
square column, so that the vertical position of the three arms
can be changed. In addition, a knob located at the robot top
(see Figs. 1 and 4) can be used to unlock the arms. By doing so,
the therapist can set the angular position of each arm before
beginning the therapy (in fact, the arms can be rotated around
the column axis, see Fig. 2). Once the configuration has been
chosen, the operator shuts the knob blocking all arm rotations
simultaneously. Finally, the distance of points from the
column axis can be set independently (the wire entry point
setting mechanism is shown in Fig. 4). In this way, the NeReBot
configuration can be optimized with respect to the arm (left
or right), the size of the patient and the kind of exercise to be
performed (please refer to Section III for more details).

III. WORKING SPACE OPTIMIZATION

Each exercise is recorded by manually moving the patient’s
forearm while the motors produce a constant torque to keep all
wires stretched. When a certain position is reached, the ther-
apist stores the motor angular positions in the control system
by pressing a button (learning phase). The machine then inter-
polates acquired data to obtain cubic-spline joint trajectories,
which produce very smooth spatial motion of the patient’s arm
(therapy phase). During therapy, the wire length is controlled
by each motor, while the speed of the exercise can be changed
by the therapist.

It has been demonstrated that to move a rigid body in 3-D
space without any other external force acting on it, at least seven
wires are required to produce three forces and three torques,
since each wire-drum-motor system can only pull [23]–[25]. In
the case of the NeReBot, the patient’s arm connected to the three
wires of NeReBot represents a different system: the kinematic
chain of the patient’s arm has 5 DoF (3 DoF for the shoulder, 1
DoF for elbow flexion–extension, and 1 DoF for forearm supina-
tion/pronation). The external forces acting on this system are
the three wire tensions and the force of gravity of the arm itself,
which can be considered the fourth, downward-oriented external

force. By controlling the motor torques, the three wires can gen-
erate three generic forces on the splint. Although the resultant
of these forces can never be downward oriented, the force of
gravity of the patient’s arm will help to generate forces in that
direction.

With this configuration, not all 5 DoF can be controlled for
the arm, since the wires provide only three unidirectional con-
straints. As a result, for a given (controlled) value of wire lengths

, the patient’s forearm can still swing over an approximately
horizontal surface. Since this results in the patient feeling guided
rather than restrained by the machine, and very smooth, com-
fortable motion is achieved, this behavior can be considered ac-
ceptable and is highly appreciated by patients and therapists.
The working space of NeReBot is, however, rather limited in
the horizontal direction. On the other hand, the robot has a very
simple mechanical structure and control system, and the me-
chanical structure can be manually adjusted before beginning
therapy to adapt the working space to a specific exercise (see
Table I for details).

To evaluate the effective capabilities of NeReBot, a software
simulator was conceived and implemented to address static
interaction between the NeReBot and the patient’s arm (Fig. 5).
This tool is designed to define the desired arm trajectory (in
terms of arm joint rotations), to simulate its execution by
NeReBot, and to compare the desired arm joint angles to the
ones obtained during the robot-aided therapy.

Let vector define the configuration
of the patient’s arm, where angles indicate shoulder,
elbow and ulna-radius rotations (one spherical and two revo-
lute joints). The arm model employed does not account for the
translational degrees of freedom of the shoulder; this simpli-
fication was introduced since the patient’s shoulder is usually
supported by a fabric strip during therapy (see Fig. 2), while the
trunk is fastened onto the chair. During the learning phase, the
patient’s arm is moved by the therapist to a set of locations.
Let be the arm
configuration in the th location. The desired patient’s arm tra-
jectory is obtained by cubic-spline interpolation of vec-
tors .1

Let be the set of
motor angular positions corresponding to the arm configura-
tion . Vector can be calculated as a function of vector

1This is an assumption of the software simulator, since the only information
given by the therapist is a set of arm positions.
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Fig. 5. Simulation of an abduction–adduction therapy. To the left is the diagram of the NeReBot structure and the patient’s arm. To the right is the plot of joint
angles versus time for the first cycle of simulated therapy. Continuous lines represent the resulting arm–joint values while the round spots are the via-points chosen
by the therapist. Dotted lines represent a cubic spline interpolation of the via-points, which can be considered a reasonable target value for arm–joint angles. As
we can see, the abduction–adduction angle of the shoulder (green line on top) follows a very accurate, smooth trajectory, while all other arm angles are kept within
a suitable range (nearly �5 ) from their target value.

, of the patient’s shoulder position in the
NeReBot reference frame2, of the NeReBot structure config-
uration , and of the wire tension
used during the learning phase. The reference trajectory for
NeReBot motors is thus
obtained by interpolating vectors , according to the trajectory
planner implemented in the NeReBot controller, which takes
into account some speed and acceleration constraints.

As far as the arm model is concerned, the patient’s arm is
made up of two rigid bodies, the forearm and the upper arm,
whose mass and center of mass are , , , and , re-
spectively.3 Centers of mass are a function of shoulder position
and arm joint angles

At a given configuration of NeReBot and patient’s
shoulder position , the potential energy of the patient’s arm
connected to the NeReBot is given by

(1)

where is the gravity acceleration, is the th wire stretching
and is the th wire stiffness. If the therapy is performed in
quasi-static conditions (very low speed and acceleration) and the
patient does not exert any force on the splint (passive behavior),

2Since the splint is rigidly connected to the forearm, points P are a function
of arm angles and shoulder position.

3These data have been estimated using the Dempster table [26].

the configuration of the arm during therapy will be the one
and only factor to minimize the potential energy given by (1)

The potential energy does not have local minima. During
therapy, assuming that (i.e., negligible motor
position tracking errors), the actual trajectory of the arm

can be estimated as

In conclusion, for a given therapy , the soft-
ware simulator can estimate the real motion of the arm
and compare it with the desired one . By changing
NeReBot configuration vector and shoulder position , the
simulator can be used to find the optimal machine setup for a
given therapy, i.e., the robot configuration and patient position
which minimize the difference between the desired and the
actual motion of the patient’s arm, in terms of arm joint angles.
This tool has been used extensively, resulting in a table con-
taining the optimal machine setup data for the exercises most
commonly required by medical staff. These trajectories have
been tested for variously sized patients, using the Dempster
table [26]. Results for the average Italian male (80 kg mass,
1,75 m height) are presented in Table I, which contains optimal
robot configuration parameters and patient positioning data for
the most common exercises (the patient’s shoulder position is
expressed in the machine base reference frame shown in Fig. 2).
These results apply to patients of different sizes and weights
within a reasonably wide range: the optimal configuration
depends very much on the exercise to be executed and very
slightly on patients’ arm dimensions and masses.
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IV. CONTROL SYSTEM

During the initial trials a typical PD controller was employed
to control each motor position . Hence, the control action was

, where is the torque exerted by the th
motor, and are proportional and derivative gains, and

is the error. In order to render interaction be-
tween robot and patient smooth and nontraumatic, the value of

was very low. This solution caused problems during passive
movements (especially in the case of patients lying in bed), since
high errors occurred. To avoid this problem, strong integral
action has been introduced into the control. However, it is well
known that high integral gains can cause overshoot: a problem
which can be solved with anti-wind-up techniques [27]. A new,
rather than a state-of-the-art, anti-wind-up technique was pro-
posed, which exploits the fact that wire-based robots are unilat-
erally actuated. A switching PID control has been used, whose
control action is

if
if

where . This avoids high overshoot thanks to the
small value of .

The NeReBot control software has been implemented in C
standard language, and is made up of two separate modules: a
high-level module for managing the user interface and a low-
level module for multiaxis control. The former is a non-real-
time software package operating in the Windows 2000 environ-
ment. Basically, it takes care of the graphics and handles interac-
tion with the user. The GTK+ open source multiplatform library
has been employed for the graphics. Patient data and treatment
session data are saved in an embedded database, based on the
Berkeley DB. The second module, which is real-time, is respon-
sible for low level control of each axis. It implements a modified
switching PID position controller and several safety checks in
order to predict failures which could hurt the patient and/or ther-
apist. The real-time module has been implemented exploiting
the developing library software distributed by VCI (VenturCom)
written for Windows 2000 kernel, which represents a cheap but
fully reliable choice. The two modules (real time and non real
time) share data by means of IPC (Inter Process Comunication)
mechanisms. In particular, semaphores and share memory tools
have been employed. A Quanser Multi-Q PCI data acquisition
board has been used for I/O. The board acquires three differen-
tial encoder input signals and three differential analog input sig-
nals (proportional to each motor torque), and provides the three
differential analog reference signals for the motor amplifiers. A
sample-rate of 2 KHz has been chosen. Graphics are updated at
a frequency of 50 Hz without any appreciable slowing down in
speed. The software has been tested on an Intel Pentium 4 PC
(1.7 MHz and 256 Mb RAM memory).

PID parameters were tuned during laboratory tests in such a
way as to avoid vibrations (instability) and at the same time ob-
tain small position errors. The maximum overall position error
measured during lab and clinical trials is less than 5 mm, in
terms of length error for a single wire. This value is fully sat-
isfactory for our application. It is emphasized that the error re-
mains close to the maximum value of 5 mm just for a short time,
namely until the control integral action drastically reduces its

value. Anyway, since all the wires originate from the upward
direction and are all connected to the splint, the splint position
error fits the same range of the single wire error.

V. MOTOR TASK AND TREATMENT PROTOCOL

A. Population

Twenty-four hemiparetic/hemiplegic patients (13 males and
11 females), mean age 67.5 years (range 48–79 years), consec-
utively admitted to the Rehabilitation Unit of Padova University
Hospital after first, single, unilateral, ischemic stroke were en-
rolled for the clinical trials. The diagnosis of stroke was based
on clinical assessment (presence of motor and possibly sensory
deficits) and confirmed by instrumental assessment (comput-
erized axial tomography [CT] or nuclear magnetic resonance
[NMR]), in accordance with World Health Organization cri-
teria [28]. The following exclusion criteria were adopted for the
study: 1) previous stroke or transitory ischemic attacks; 2) bi-
lateral stroke lesion or diffuse cerebral vasculopathy; 3) severe
neuropsychological impairment (global aphasia or severe atten-
tion deficit) affecting participation in rehabilitation; 4) presence
or appearance of complications (cardiovascular, infectious, deep
vein thrombosis, etc.) during hospital stay that might prevent
the patient from undergoing rehabilitation treatment; 5) patients
older than 80 years. This study was approved by the Ethical
Committee of Padova University Hospital, and informed con-
sent was obtained from all patients.

All patients consecutively admitted to the study were
randomized to an Experimental Group (EG, 12 patients) or
Control Group (CG, 12 patients). The patients of both groups
admitted to the trial received the same dose and length per
day of standard rehabilitative treatment (based on the Bobath
concept, including transfer, and gait training) and occupational
post-stroke therapy (emphasizing ADL performance) from
the same blinded interdisciplinary clinical team according to
a rehabilitation project. The 12 patients in the EG received
additional early robotic training by NeReBot, including at
least 40 sessions (two sessions per day, lasting about 20–25
min each, five days a week, for four weeks). The CG was
exposed to the robotic device 30 min, twice a week, but the
exercises were performed with the unimpaired upper limb.
Treatment was completed in the same rehabilitation center for
all the recruited subjects during hospitalization and no patient
underwent rehabilitative treatment elsewhere during follow-up
until the final assessment.

B. Evaluation Procedure

At the start and at the end of the trial (three months after
stroke, i.e., seven weeks after the end of robot therapy), a stan-
dard assessment procedure was used to evaluate all patients (EG
and CG). Assessments were performed for all patients involved
in the study by the same blinded clinician (SM) who had previ-
ously been trained to use the scales. Physiotherapy and nursing
staff had also been trained in the months prior to the survey.
The clinician was not directly involved with the rehabilitative
therapy (robot-assisted therapy or standard therapy) and did not
know who was enrolled in the EG or CG. The standard assess-
ment procedure included: the Medical Research Council (MRC)
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score, the upper limb subsection of the Fugl-Meyer (FM) score
and the Motor Status Score (MSS), the Functional Independence
Measure (FIM), and its motor component (motFIM).

The MRC is an ordinal scale for measuring muscle
strength of muscle force (range: 0–5 for each joint; where

no muscle contraction; normal strength) in isolated
or muscle groups. This scale was used to rate the strength of the
paretic arm during six actions: shoulder flexion and abduction
(MRC shoulder), elbow flexion and extension (MRC elbow),
and wrist flexion and extension (MRC wrist) [29].

The FM is a scale that measures motor impairment [30], [31].
The validity and repeatability of this scale have been estab-
lished [32]. The test includes items related to movements of the
shoulder, elbow, forearm (proximal arm), wrist and hand (distal
arm). The total score ranges from 0 to 66. We considered the
shoulder/elbow and coordination subsections (FM-SEC; 42 out
of 66 items) and the wrist/hand subsection (WH, 24 out of 66
items). We examined proximal and distal components of the FM
separately to enable measurement of each trained limb segment.

The Motor Status score (MSS) provided a more complete,
discrete measure of upper-limb isolated movements and motor
function than the FM test, by grading motor abilities on a well-
defined six-point scale [33], [34]. Motor function is defined as
the ability to accomplish movements or tasks that are essential
components of activities of daily living [35]. The MS score was
divided into two scales: the first for shoulder and elbow move-
ments that were exercised by the robot (MS-SE; maximum score
40) and the second for wrist and finger movements that were not
exercised by the robot (maximum score ).

The FIM is an ordinal scale that assesses severity of motor and
neuropsychological disability and amount of treatment needed
for each patient admitted to a rehabilitation facility [36], [37].
The FIM is composed of 18 items divided into seven levels (min-
imum score: 18, maximum score: 126, equivalent to total func-
tional independence). The motor component (motFIM) is repre-
sented by 13 items on seven levels, (minimum score: 13, max-
imum score: 91). They include self-care, sphincter control, mo-
bility, and locomotion.

In addition, subjects were asked to report the amount of pain
they experienced in the affected shoulder by the visual-ana-
logue scale (VAS), consisting of a 100-mm line ( no pain;
100 high pain); other complications, such as the development
of shoulder–hand syndrome, were also recorded. Lastly, at the
end of robot training, we measured the degree of acceptance of
robot therapy by the visual-analogue scale (VAS), consisting of
a 100-mm line ( poor tolerance; 100 high tolerance).

C. Intervention

Training by NeReBot consisted of peripheral manipulation
of the shoulder and elbow of the impaired limb correlated with
visual stimuli (visual feedback). The NeReBot training was su-
pervised by the same therapist for all patients but a different
therapist performed standard rehabilitation. Each therapy ses-
sion began with clinical examination of the impaired upper limb,
to investigate motor function recovery, pain, or other complica-
tions. At the start of each session, the trained researcher (thera-
pist) sought to identify the optimal path and rest positions for

each patient within the robot working space, based on indi-
vidual stage of recovery, in order to fully exploit the patient’s
residual motor skills. The assigned tasks were limited to im-
paired shoulder and elbow motor performance since the wrist
and hand were restrained by the orthesis. Patients performed five
to seven exercise cycles lasting 3 min each, followed by a 1 min
resting period (total time for each session: approximately 20–30
min). The exercise protocols focused on shoulder and elbow
movement patterns and included alternative flexion/extension
(elbow), adduction/abduction (shoulder), and prono-supination
(forearm) movements (about 20 repetitions per cycle).

A trained research assistant provided a standardized set of in-
structions and was always in attendance to indicate positions and
useful trajectories of movement for the upper limb and, if nec-
essary, to intervene in emergency situations. The robot assisted
and guided the patient’s forearm and hand through a repetitive
pattern set by the rehabilitation team, based on degree of patient
impairment.

After the therapist had chosen the exercise, motors were acti-
vated in order to prevent wire slack. Then the therapist manually
led the patient’s arm along a number of via-points. These points
were recorded and employed by the path planner module to plan
the whole trajectory. Eventually, the robot autonomously moved
the patient’s arm according to the calculated trajectory. Motion
speed was set by the operator in the range of 5–60 mm/s. Patients
were instructed to remain passive as the robot moved their limb
along the programmed trajectory for the first time. After that,
they were asked to actively contribute to the motion. During the
therapy session, both the clinician and video feedback encour-
aged patients to increase their effort. Visual feedback consisted
of a 3-D image of a virtual upper limb, with three arrows in-
tuitively showing the patient the forces currently applied to the
limb by the wires (and hence the desired direction of motion).
This helped guide the patient through correct execution of the
exercise. A repetitive sound signal was also provided, but not
related to the patient’s effort; sound level was increased to in-
dicate the start and the end of the exercise. This acoustic and
visual feedback was a very useful means of maintaining a high
level of patient attention throughout the session.

During the first week of treatment the patient was usually
supine (in bed) and daily exercises consisted mainly of pas-
sive repetitions along simple trajectories, e.g., arm elevation.
After the first week, the set of exercises was extended and
became more complex, with employment of circular, spatial,
and multi-DoF active-assistive movements. The patient sat on
a chair or wheelchair fitted with seat-belts to limit torso move-
ments and to avoid falls. The therapy addressed the impaired
shoulder and elbow, while the wrist and hand were immobilized
by the orthesis (only pronation-supination of the forearm was
left free). Motion speed was also increased according to patient
improvements. Movements were performed slowly to avoid
abnormal muscle activity that could cause pain or abnormal
activity by hyperreflexia of the paretic muscle.

D. Statistical Analysis

The baseline characteristics of the patients in the control and
experimental groups were compared by Chi square tests (nom-
inal data) or Mann-Whitney U tests (ordinal data). We adopted a
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TABLE II
PATIENTS’ DEMOGRAPHIC AND CLINICAL CHARACTERISTICS MEASURED AT

REHABILITATION ADMISSION (MEAN AND STANDARD DEVIATION)

single baseline (the shortest possible baseline for this kind of pa-
tients) since our goal was to investigate the effects of very early
training. We performed Mann-Whitney U tests to identify any
significant differences between average gains in score on motor
or functional impairment (FM, MSS, FIM, motFIM) in the two
groups at the final evaluation. Statistical significance was set at

. The statistics were processed using SPSS version
11.5 (SPSS Inc., Chicago, IL).

VI. CLINICAL RESULTS

The CG and the EG were matched for age, gender, time be-
tween onset of the stroke and admission to the rehabilitation
center and total days in standard rehabilitation. Moreover, the
two groups were comparable in terms of initial impairment and
disability (initial clinical measures are summarized in Table II).
NeReBot training started on average 7.5 days after stroke (range
5–9 days). Furthermore, the number of patients in each group
with medical comorbidity (hypertension, coronary artery dis-
ease, diabetes mellitus, infection, or depression) was compa-
rable ( range: 0.1–0.7).

The results of the assessment at three months after stroke
are summarized in Table III. The MRC motor power test for
shoulder and elbow , FM-SEC test

, MSS-SE , motFIM , and
FIM showed significant effects of robot therapy.
Since the two groups received a different total amount of inter-
vention, this result is likely to be related to the increased amount
of treatment received by the EG group. For this reason, further
clinical trials are currently being planned, with the aim of com-
paring robot therapy to conventional therapy. The other evalua-
tion scales (wrist/hand subscale) showed a slightly positive but
nonsignificant trend.

No differences were found between the two groups in
terms of joint-related pain in the shoulder, wrist, or hand, or
any other complications, including shoulder–hand syndrome.
Two patients from the EG and one from the CG developed
shoulder–joint pain which did not influence performance of
the rehabilitation program; one patient from the CG developed

TABLE III
AVERAGE GAINS (MEAN� SD) IN THE FUGL-MEYER SCORE FOR SHOULDER,

ELBOW ,AND COORDINATION (FM-SEC) AND FOR WRIST AND HAND

(FM-WH), MOTOR STATUS SCORE FOR SHOULDER AND ELBOW (MS- SE) AND

WRIST AND HAND (MS-WH), MOTFIM AND FIM AT THE FINAL ASSESSMENTS

(THREE MONTHS AFTER STROKE) IN THE EG AND CG

shoulder–hand syndrome. No adverse effects occurred during
robot-assisted therapy in the EG.

The questionnaire administered to the EG patients (by VAS)
showed that the robotic intervention was well accepted (mean
score 85.3/100). All of them strongly recommended including
the robot therapy in the rehabilitation program.

VII. CONCLUSION AND FUTURE RESEARCH

We presented the design of a wire-based robot for neurore-
habilitation, called the NeReBot. Although the robot has only
3 DoF, it is capable of moving the patient’s arm along non-
trivial spatial paths according to the required therapy, which
can be set by the rehabilitation therapist thanks to a very simple
teaching-by-showing procedure. Our main challenge was to de-
liver the therapy from a very early stage, i.e., right after the
stroke event. To the best of our knowledge, NeReBot is the first
robot capable of delivering early robot-aided poststroke therapy.
The study revealed statistically significant benefits of the ad-
ditional robotic therapy in persons with a paralyzed or paretic
upper limb after stroke. In these patients, an early robotic ap-
proach may usefully complement other treatments by reducing
motor impairment during both the acute and chronic phases of
stroke recovery.

The robot-guided training involved repetitive passive and ac-
tive-assistive exercises of the shoulder and the elbow. Robot-
aided training focused on the shoulder and elbow while the
wrist and hand were splinted. As a result, the robot group pre-
sented significantly greater improvements in their proximal arm
FM scores compared to the control group, but the change in
distal arm FM scores did not differ significantly between the
two groups.

Although the robot therapy lasted only four weeks, patients of
the EG showed motor and functional improvements compared
to the control group even three months after the stroke event. We
believe that this result reflects the persistent effect potentially
delivered by the additional robot therapy. Further clinical trials
will be needed to assess the effectiveness of robot therapy with
respect to conventional therapy.

One limitation of the study is that the outcome measures
were not evaluated immediately after the conclusion of robotic
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therapy. Therefore, it is impossible to know what portion
of the group differences were directly related to the robotic
therapy. For example, patients in the robotic therapy group may
have developed the habit of moving their limb more than the
control group, and continued greater use after therapy, thereby
amplifying the training effect. This point will be more deeply
investigated in further clinical trials.

The use of FIM score can be a weakness point in the design
and in the evaluation of our results, because gains in motor func-
tion have not always been reported to translate into significant
improvement in the performance of basic self-care activities. In
fact, the relationship between upper extremity Fugl-Meyer and
the self-care component of the FIM is modest at best, because
the FIM self-care component measures general disability and is
not arm-disability specific [38]. So the significant improvement
presented by most of our patients after robot training is particu-
larly interesting, but others tools of measure are desirable.

During the initial lab and clinical trials, some limitations of
the NeReBot did arise. First, moving the robot through the hos-
pital ward can sometimes be difficult, due to the dimensions and
weight of the robot base. Second, the working space does not
always meet therapists’ requirements (some horizontal move-
ments of the upper limb cannot be performed properly). Third,
manual setup of the machine structure prior to treatment proved
to be a rather awkward procedure, and the final result is oper-
ator-dependent. Finally, the hardware/software configuration of
the control system can be further improved. Nevertheless, since
the wire-drive philosophy has produced many benefits, a new
robot based on the same concept has been designed and is cur-
rently undergoing lab tests.
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