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Abstract—This paper presents the design and experi-
mental characterization of a 4-degree-of-freedom shoulder-
elbow exoskeleton, NeuroExos Shoulder-elbow Module
(NESM), for upper-limb neurorehabilitation and treatment
of spasticity. The NESM employs a self-aligning mecha-
nism based on passive rotational joints to smoothly self-
align the robot’s rotational axes to the user’s ones. Compli-
ant yet high-torque series-elastic actuators allow the NESM
to safely interact with the user, particularly in response to
sudden unpredicted movements, such as those caused by
spastic contractions. The NESM control system provides a
variety of rehabilitation exercises, enabling the customiza-
tion of therapy to patients exhibiting a range of movement
capabilities. Available exercises include passive mobiliza-
tion, active-assisted, active-resisted, and active-disturbed
training modes. The experimental characterization of two
NESM actuation units demonstrated position and torque
control performance suitable for use in neurorehabilitation
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applications, including up to 7 Hz of bandwidth in torque
control. An algorithm for online detection of spastic con-
tractions or sudden object collisions has been implemented
and tested as well, with results suggesting that the current
system can ensure safe interaction with patients.

Index Terms—Robotic rehabilitation, series elastic actu-
ator, spasticity, upper-limb exoskeleton.

I. INTRODUCTION

CARDIOVASCULAR and neurological diseases such as
stroke and multiple sclerosis are the main causes of per-

manent neurological damage [1], [2], and every year millions
of stroke survivors need strenuous rehabilitation interventions
to recover any degree of motor function. In recent years, robotic
devices have gained momentum in the rehabilitation field, due to
their benefits of easing the physical burden on physicians and en-
hancing the precision and intensity of rehabilitation treatments
[3], [4].

Robotic devices for rehabilitation can be grouped into three
main architectures, according to their physical human-robot in-
terfaces (pHRI): 1) end-point manipulators, which interact with
the user at the end-effector level—i.e., the hand and wrist [5],
[6]; 2) cable suspensions, in which the affected limb is mobi-
lized with cables driven by motors fixed to a stationary frame
[7]–[9]; 3) powered exoskeletons, comprising kinematic chains
acting in parallel to the affected limb segments, with a di-
rect correspondence between human articulations and robotic
joints. Despite their higher mechanical complexity relative to
other architectures, exoskeletons have the ability to act inde-
pendently on each joint, thus reproducing precise functional
movements that can promote cortical reorganization and motor
recovery without jeopardizing the natural coordination patterns
[10], [11]. Numerous upper-limb exoskeletons have been devel-
oped in the past years [12], [13], some of which have become
commercially available devices, regularly adopted by clinical
rehabilitation centers. Despite their increasing clinical adop-
tion, open research questions related to the design and control
of upper limb exoskeletons persist, warranting further research
and development to improve their performance and effective-
ness. Among these issues, two main design aspects should be
carefully considered to realize effective wearable exoskeletons:
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the self-alignment of human and robotic joint axes, and the
human-robot interface.

Self-alignment mechanisms: Rigid exoskeletons cannot in-
herently compensate for the laxity of human joints, and proper
mechanisms for joint alignment must be integrated into the kine-
matic structure. As an example, during arm elevation, the gleno-
humeral joint (GH) is subjected to translational motions, due to
the combination of acromioclavicular (AC) and sternoclavicular
joint articulations [14]. Similarly to the shoulder, the elbow’s
rotational axis undergoes small deviations in the frontal and
horizontal planes during flexion–extension movements, whose
amplitude depends on human inter- and intra-variability, as well
as on activation modality (i.e., passive or active) and wrist orien-
tation (i.e., pronated or supinated) [15]. A safe and comfortable
pHRI must guarantee proper alignment between the exoskele-
tal joint axes and the respective anatomical joint axes in each
phase of the movement, in order to avoid generating undesired
tangential forces on the soft tissues and articulations. To solve
this issue, two main approaches have been pursued. On the one
hand, “soft” exoskeletons or “exosuits,” composed of actuators
embedded within fabric frames, are easily adaptable to body
structures, with very low encumbrance and inertia, high inherent
compliance, and intrinsic self-alignment capability. Typically,
these systems use electric motors and cable-based transmission,
with the cables routed around the user’s joints in a tendon-like
structure and fixed at different connection points [16], [17]. In
some cases, pneumatic muscle actuators (PMAs) have also been
used [18]. Despite their high degree of wearability, the narrow
bandwidth, and the limited amount of torque that exosuits can
deliver make these devices suitable only for the treatment of
patients with low or mild spasticity. On the other hand, the more
classical robotic approach, exploiting rigid frames for transmis-
sion, allows the delivery of higher torques with wider band-
width. In this case, the joint self-alignment mechanism must
integrate passive degrees of freedom (DOFs) to create self-
aligning kinematic chains, which automatically compensate for
deviations from the correct axes orientation [19]. Despite the in-
creased mechanical complexity, passive DOFs have been used
in several upper-limb exoskeletons with different configurations
[20]–[22].

Human-robot interface: Compliant human-robot interaction
is another key design aspect to consider for treating post-stroke
subjects, especially to safely interact with sudden, unpredictable
movements of the patient. To achieve this goal, rigid exoskele-
tons typically integrate compliant actuation units, with fixed or
variable impedance. Among these, PMAs have inherent compli-
ance, but they need to be used as antagonist couples to control
a single DOF [23], unless the movement is actively controlled
in only one direction [24]. Compliant joints can be realized by
placing an elastic element (a spring) in series with the motor-
reduction stage, thus constituting a series-elastic actuator (SEA)
[22], [25]–[27]. The elastic component reduces the actuator’s
mechanical stiffness and reflected inertia in case of sudden
movements, and it can function simultaneously as to measure
torque.

This paper presents the NeuroExos Shoulder-elbow Module
(NESM), an upper-limb exoskeleton for the rehabilitation of

the shoulder and elbow. The main novelty introduced by this
device is a self-aligning kinematic chain featuring passive ro-
tational DOFs embedded in the exoskeleton support structure,
which allow smooth alignment of the robot shoulder with the
rotation axis of the user’s shoulder complex, within a workspace
that covers the natural translations of the GH joint. In addition,
distinctly from other state-of-the-art devices, the robot attach-
ments have been designed to address scapular motion as well,
resulting in a fully wearable device able to comply with the
complex motion of the whole shoulder girdle, without any mo-
tor or active control strategy. The NESM is equipped with four
compliant yet high-torque SEA units addressing the shoulder
and the elbow, which ensure a safe interaction with the user
and comply with sudden, unpredicted movements. In a previ-
ous version of the device addressing only the elbow motion, a
similar approach has been proven suitable for the rehabilitation
of post-stroke subjects exhibiting elbow spasticity [27]. Never-
theless, spasticity of the shoulder girdle muscles occurs in most
cases in the hemiplegic arm, causing shoulder pain due to a non-
physiological muscle contraction (hypertonia), and requiring a
safe mobilization of the whole arm [28]. To address these issues,
in addition to the SEAs for the mobilization of the shoulder, the
design of the NESM places the actuation units proximally to the
addressed joint, enclosing the user’s arm only on the external
and lateral sides. This design facilitates the donning procedures
in case of abnormal arm postures, reduces the external encum-
brance, and improves the torque transmission with respect to a
remote actuation.

The rest of the paper is structured as follows: Section II de-
scribes the NESM mechanical structure, SEA architecture, and
kinematics. In Section III, results of the experimental charac-
terization of the NESM are presented. Finally, in Section IV,
results and future developments are discussed.

II. NEUROEXOS SHOULDER-ELBOW MODULE PLATFORM

The NESM is a shoulder-elbow exoskeleton with SEA units
[Fig. 1(a)]. The exoskeleton is mounted on a wheeled plat-
form that makes it easily movable within a clinical facility; the
wheeled platform carries a dedicated box housing the control
electronics and an aluminum column that supports the exoskele-
ton and its weight-relief system. The exoskeleton is connected
to the support column by means of an articulated parallelo-
gram, which has passive DOFs at both the exoskeleton and
column connection points to realize the passive self-alignment
kinematic chain. The articulated parallelogram also carries the
exoskeleton counterweights.

The exoskeleton integrates four active rotational joints,
three at the shoulder and one at the elbow [Fig. 1(b)]. The
three shoulder joints feature the following movements: abduc-
tion/adduction (sA/A), i.e., the rotation of the arm away from
or toward the center of the body, in the frontal plane; shoul-
der flexion/extension (sF/E), i.e., the rotation of the arm in the
sagittal plane; and shoulder intra/extra rotation (sI/E), i.e., the
rotation of the forearm around the humeral axis. The elbow
joint features the flexion/extension (eF/E), i.e., the rotation of
the forearm around the elbow joint. Several passive DOFs and
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Fig. 1. (a) Overview of the NESM exoskeleton worn by a healthy subject and its support structure. (b) Details of the NESM actuation units.

size adjustment mechanisms have been included for a comfort-
able and ergonomic fitting of the device [29].

A. Mechanical Structure and Transmission

The NESM device has a modular structure with three main
blocks, each one bearing its own actuation units [Fig. 1(b)]. The
actuators of the shoulder are configured in series (i.e., sA/A –
sF/E – sI/E). This architecture has the advantage of placing the
shoulder singularity far from the working space typical of post-
stroke rehabilitation exercises. Moreover, the centers of rotation
are easy to identify, making the procedure for donning the device
quick and easy.

The first block, the shoulder section (Fig. 1(b), green con-
tour) comprises drivers and actuators for the sA/A and sF/E
joints. An L-shaped aluminum flange spans the user’s shoul-
der and connects the support structure to the exoskeleton. In
order to optimize the mass distribution, the two actuation units
are placed next to each other, on the rear side of the flange. The
sA/A actuation unit has its rotation axis in the anterior–posterior
direction, whereas the sF/E rotation is transmitted by means of
a cable-pulley stage. Two idle pulleys at the corner of the “L”
route the cables from the sF/E actuator to the sF/E actuation
pulley, placed on the external lateral side in correspondence of
the actual sF/E axis. The pre-tension of the cable can be set
by means of a lead-screw mechanism embedded in the actua-
tion pulley. Both sA/A and sF/E actuation units can provide a
maximum torque of 60 N·m.

The second block, the arm section (Fig. 1(b), blue contour),
is dedicated to the sI/E joint. The core structure comprises two
coaxial hemi-cylindrical shells rotating around their common
axis, intercepting the sF/E and sA/A axes along the humeral
direction. The two shells, made in carbon fiber with aluminum
inserts, cover the proximal and distal parts of the humerus.
The sI/E motion is achieved through an external parallel chain
composed of two articulated parallelograms, creating a remote

rotational center of motion. This chain is actuated by means of
two capstan pulleys, one driven by the sI/E actuation unit, which
is mounted on one linkage of the parallel chain, and the other
fixed to the moving shell. A cable is preloaded into a groove
and keeps the two pulleys in contact, forcing them to roll on the
surface of one another. As a result, the rotation axis is parallel
and close to the humeral direction, with its chain running parallel
to the user’s arm. The main advantage of the proposed solution
is that the kinematic chain effecting the sI/E movement covers
only the external part of the arm, with a maximum encumbrance
diameter equal to only twice the internal hollow diameter, i.e.,
the internal space for placing the arm. This configuration allows
the user to be outfitted with the system from the outside without
any difficult maneuvers, so that patients with muscle hypertonia
or spastic limbs can easily wear the device. A more detailed
description of the kinematics of the sI/E joint can be found
in [29].

The third block, the elbow section (Fig. 1(b), orange contour),
includes the elbow joint. The actuation unit is a cylindrical
structure mounted next to the user’s elbow and is placed on the
external side of the user arm. To reduce the lateral encumbrance,
the actuator lies in the sagittal plane, and two bevel gears (ratio
1:1) rotate the final actuation axis by 90° to render it parallel to
the anatomical elbow axis.

Table I reports the weight of the three blocks and their sub-
assemblies, estimated from the CAD model of the exoskeleton.

B. SEA Architecture

Each actuation unit is composed of a brushless dc motor and
reduction gear coupled with a torsional spring, forming a series-
elastic actuator architecture. Notably, the sA/A and sF/E actu-
ation units are identical, as well as sI/E and eF/E, respectively.
Two custom springs with different mechanical characteristics
have been designed to comply with the stiffness of different
anatomical joints, for a safe physical human-robot interaction
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TABLE I
MASS DISTRIBUTION OF THE NESM, ESTIMATED FROM THE CAD MODEL

TABLE II
SPECIFICATION OF THE NESM ACTIVE JOINTS

(Table II). The springs for the sA/A and sF/E joints are identical,
with a constant stiffness of 165.8 N·m/rad, and are able to trans-
fer a maximum peak torque of 60 N·m. The torque-deflection
characterization curve has a linear behavior up to 40 N·m (de-
flection angle of about 13°) [30]. The sI/E and eF/E joints are
equipped with a smaller torsional spring, bearing a maximum
torque of 30 N·m (deflection angle of about 17°), with a stiffness
of 98.8 N·m/rad within this range.

The sensing system of the SEA comprises two 32-bit absolute
optical encoders (Renishaw RESOLUTE), one measuring the
true (robotic) joint angle, and the other measuring the angular
displacement of the motor and transmission. The difference
between these two angles represents the spring deformation,
and thus the joint torque (via the spring constant).

C. Passive Degrees of Freedom and Regulations

Passive DOFs: NESM is endowed with eight passive DOFs.
A two-axial rotational joint connects the articulated parallelo-
gram to the support column. The first joint [P1 in Fig. 2(a)]
allows for the movement of the exoskeleton along a circular
path in the transverse plane. Given the relatively high path ra-
dius (600 mm) and small angular stroke under normal movement
conditions (∼10°), the resulting movement of the exoskeleton
can be approximated as a horizontal translation, following the
shoulder protraction/retraction movement. The second joint (P2 )
allows for the movement of the exoskeleton along a circular
path in the parallelogram (vertical) plane. Also in this case,
given the relatively high path radius (600 mm) and small an-
gular stroke under normal movement conditions (∼10°), the
resulting movement of the exoskeleton can be approximated as
a vertical translation. This passive DOF compensates for the

elevation/depression movements of the GH. A third joint (P3)
connects the parallelogram to the exoskeleton shoulder section
and allows the rotation of the device around its vertical axis to
follow the user’s axial trunk rotations.

In Fig. 2(b), the Denavit–Hartenberg model and parameters
of the passive kinematic chain including these joints are shown,
in the zero-configuration. This configuration maximizes the ef-
fects of joint P1 for the shoulder protraction/retraction and joint
P3 for the trunk rotation. For the modeling of the articulated
parallelogram, an additional joint (P2bis) is represented, with
the same range of motion (ROM) as P2 but in the opposite di-
rection, in order to maintain the vertical orientation of P3 joint.
The passive ROM of the GH joint due to these DOFs is rep-
resented in Fig. 2(c). In this representation, joint P1 moves in
the range [−10, +5]° and P2 (P2bis) in the range [−5, +10]°,
whereas P3 moves in the range [−10, +10]°, with an initial ro-
tation of 10° in the zero-configuration. These values correspond
to the ROM allowed by the passive joints when the exoskele-
ton is worn by the user. With respect to the zero-configuration,
the maximum shoulder elevation is about 11 cm, as well as the
maximum shoulder protraction. The passive translation in the
medio-lateral direction (i.e., along the global x-axis direction)
is in the range [−7, +6] cm.

The exoskeleton is connected to the trunk support via a bar
linkage endowed with four passive DOFs: a one-axis rotational
joint at the sagittal axis (P4), coaxial to the sA/A joint, and a
spherical joint (P5) on the trunk support, which is fixed to the
user by means of Velcro straps and elastic bands. As shown in
Fig. 2(d), the combination of P4 and P5 allows a movement of
the bar linkage along a circular path to follow the rotation of
the scapula in the frontal plane (i.e., upward/downard rotation)
during shoulder abduction/ adduction. Joint P5 , which has lim-
ited ROM when the trunk support is fixed to the user, has the
main role of improving wearability by reducing the constraints
on the attachment point to the user. In the design of this DOF,
the movement of the AC joint is neglected. This assumption can
be considered valid within the ROM of the NESM sA/A joint
(90°): according to [18] (Nef and Riener, Shoulder Actuation
Mechanism for Arm Rehabilitation, 2008), within this range the
AC has a maximum rotation of 5°, starting after 80° of shoulder
abduction.

A slider (P6) allows the elbow translation in the for-
ward/backward direction during the flexion/extension move-
ment. The stroke length of the slider is 150 mm. This DOF
is a simplified version of the 4-DOF passive mechanism for the
elbow joint in [27], where only the main residual movement of
the elbow has been addressed, to reduce the encumbrance of the
system.

Size regulations: Five size regulations allow the exoskeleton
to fit users with different anthropometries [Fig. 2(a)]. A rack
and pinion mechanism (R1), by means of a crank, allows height
adjustment of the device. The second adjustment (R2) allows
device inclination in the frontal plane (from 0° to 45°). The arm
cuff can be placed in one of three pre-defined positions (R3)
according to the user’s humerus length. A rotational joint (R4)
allows for the tilting of elbow axis, while a translational joint
(R5) in the sagittal plane adjusts its position.



TRIGILI et al.: DESIGN AND EXPERIMENTAL CHARACTERIZATION OF A SHOULDER-ELBOW EXOSKELETON WITH COMPLIANT JOINTS 1489

Fig. 2. (a) Kinematic chain of the NESM including active DOFs, passive DOFs and size regulations. (b) Kinematic model and DH parameter of the
passive chain for the shoulder. (c) Three dimensional (3-D) workspace of the shoulder center of rotation (GH) due to the movement of the passive
DOFs. (d) Movement of the bar linkage addressing the scapula motion; the initial configuration of the bar and the scapula, with the arm parallel to
the user’s trunk, is shown in light grey dashed lines.

D. Control System

To enable the adaptation of therapy to users with differ-
ent residual movement capabilities, the NESM control sys-
tem implements two main training paradigms—namely, the
robot-in-charge and the patient-in-charge programs [31]. In
the robot-in-charge scheme, the robot mobilizes the user’s arm
along pre-defined reference position trajectories, with joints in
position-control mode. This program is suitable for patients
exhibiting very limited movement capabilities. In the patient-
in-charge scheme, the robot’s joints operate in torque-control
mode, enabling the robot either to remain “transparent” to the
user’s spontaneous movements, or to selectively provide joint
torques to assist or resist the user’s movement. This program
is particularly suitable for the rehabilitation of patients with
residual movement capabilities.

To realize the aforementioned paradigms, the control system
of the NESM has been designed with a hierarchical architecture,
comprising: 1) a high-level control layer (HLCL) delegated to
select the desired rehabilitation exercise and generate the corre-
sponding reference position or torque values, and 2) a low-level
control layer (LLCL) delegated to set and drive the motor cur-
rents to follow the desired torque or position values set by the
HLCL (Fig. 3).

1) Low-Level Control Layer: On the LLCL, the position
and torque controller are implemented by means of classical
proportional-integrative-derivative (PID) regulators for each of
the four active joints. Each controller has been built on the as-
sumption of an independent joint control strategy: the actions on
the single joint exerted from the previous ones of the kinematic
chain are considered as disturbances to be rejected.

When a joint is position-controlled, the PID regulator operates
on the error between the desired joint angle (ϑdes) and measured
joint angles (ϑj ). The output voltage for the motor is controlled
via a commercial servo amplifier (Gold Solo Whistle, Elmo
Motion Control, Petach Tikva, Israel). In torque-control mode,
the input of the PID regulator is the error between the desired
torque (τdes) and the measured torque (τj ). The PID gains were
tuned empirically, in order to have a bandwidth around 1 Hz for
the position controllers, and to have minimum output impedance
in the transparent mode for the torque controllers.

2) High-Level Control Layer: Patient in charge: Three differ-
ent operational modes have been implemented for the patient-
in-charge scheme. When the robot is set in transparent mode, a
reference torque of 0 N·m is commanded to each of the joint con-
trollers, in order to have the minimum output impedance and let
the user move freely. By selecting the impedance control mode,
the system can either: 1) assist the user in following pre-defined
joint trajectories, by creating a convergent force field toward the
reference trajectory, or 2) apply a divergent force field to disturb
the user’s movement from following the reference trajectory,
according to the following equation:

τdes = k (ϑref − ϑj ) . (1)

In (1), τdes is the setpoint for the low-level torque controller,
k is a virtual stiffness (with positive value for a convergent
force field and negative for a divergent force field), ϑref is the
current value of the reference trajectory (i.e., pre-defined angular
trajectory the user is requested to follow), and ϑj is the measured
joint angle.
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Fig. 3. Hierarchical architecture of the NESM control system. The red arrows indicate the safety measures implemented on the high-level control
layer. For the isotonic exercise, a concentric movement training is shown: the resistive torque is kept constant as long as the angle increases, and
returns to zero after the concentric movement is completed. Torque and angle variations are always smooth to avoid abrupt changes of forces
transmitted to the user.

TABLE III
RISE TIME, SETTLING TIME, AND OVERSHOOT FOR THE TORQUE STEP RESPONSE

Finally, in the muscle strength training mode, torque is ap-
plied on a selected joint to train specific muscular groups. Here,
the robot action can realize three different training exercises.
In the isotonic training routine, a constant resistive torque is
commanded to the low-level controller only during the con-
centric and/or eccentric phases of the target muscle during the
movement, as follows:

τdes =
{

const. if ϑrefm in < ϑref < ϑrefm a x

0 otherwise . (2)

Both the desired torque for the controller and the reference
angle vary following third-order sigmoid functions with null
velocity at the beginning (ϑrefm in ) and at the end (ϑrefm a x ) of
the movement

y (t) = −2
yf − yi

D3
t3 + 3

yf − yi

D2
t2 + yi. (3)

In (3), yf and yi are the target and initial position (or torque,
respectively), and D is the trajectory duration. As an alternative,
the trajectory can be expressed as a function of the peak velocity,
with the following substitution:

D =
3
2

yf − yi

Vpeak
. (4)

In the auxotonic training routine, the desired resistive torque
for the low-level controller increases proportionally with the
reference angle with respect to a settable zero (τ0)

τdes = −kϑref + τ0. (5)

Finally, in the isometric training routine, a constant reference
torque is commanded to the low-level controller while the user
is asked to maintain a constant position.

In the patient-in-charge scheme, a feed-forward gravity com-
pensation algorithm calculates online the gravity torque of each
joint due to the robot weight, according to the dynamic equation

τ = τdes + g (q) . (6)

In (4), τ is the vector of joint torques, τdes is the net torque
to be applied on the joint, g(q) is the pose-dependent vector of
torques due to gravity estimated by the algorithm. The algorithm
considers the centers of mass and weights of the mechanical
components derived from the CAD model of the exoskeleton,
with empirical adjustments [32].

Robot in charge: A path planner based on inverse kinematics
(IK) has been developed to set the reference trajectories for
the low-level position controllers. The path planner can either
calculate the joint’s desired positions in joint space or Cartesian
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Fig. 4. Closed-loop torque control for the (a)–(c) shoulder adduction/abduction and (d)–(f) flexion/extension joints. (a), (d) Step response for
increasing and decreasing steps; the mean value and standard deviation contour calculated over fifty repetitions are represented. (b), (e) Bode
diagram (amplitude and phase) of the chirp response mediated over four repetitions. (c), (f). Sigmoid function tracking performance for increasing
and decreasing torques. Each plot reports the mean value and standard deviation contour (lower than 0.02 and 0.08 N·m for sA/A and eF/E,
respectively) of the response mediated over fifty repetitions.

space. In the first case, given the desired final end-effector
position and arm orientation, an ad-hoc IK algorithm calculates
the desired final joint angles (see Appendix in supplementary
material available online). In the second case, given the
desired final end-effector position and arm orientation, a linear
trajectory of the end-effector (roughly corresponding to the
hand of the user) is calculated, while the IK algorithm runs
at each iteration to drive the joints to the desired end-effector
position. In both cases, trajectories are calculated according to
(3) and (4), by selecting the maximum joint- or end-effector
velocity, or the movement duration from the GUI.

Safety: Different strategies have been implemented on the
HLCL to ensure the safety of the user. A rule-based algorithm
allows online detection of abnormal torque profiles due to spas-
tic contractions: under the robot-in-charge scheme, if the joint
torque velocity overcomes a pre-set threshold, the system au-
tomatically switches into transparent mode, to avoid harming
the user’s arm. A preliminary version of this spasticity detection
algorithm has been presented in [33] for offline applications. In
addition, a speed-limit algorithm maintains the maximum speed
of the joints below a certain (settable) value. A similar strategy
is adopted for the patient-in-charge scheme: in this case, if the
measured torque overcomes a pre-set threshold, all the motor
drivers are immediately disabled.

III. EXPERIMENTAL CHARACTERIZATION

Different experimental trials have been conducted to charac-
terize the LLCL and HLCL performance.

First, the performances of the LLCL have been assessed for
two actuation units, namely the first (sA/A) and last (eF/E)
of the kinematic chain (recall, the first- and last two actuators

have identical designs and components). The experimental
characterization of the torque and position controllers was
conducted in trials that matched the operating conditions of
the system in robot-in-charge and patient-in-charge schemes.
The performance in tracking position and torque sigmoid
trajectories, as well as the step response of the closed-loop
torque controller, are reported in the following paragraphs.

In addition, the NESM has been tested in trials with the hu-
man in the loop in order to assess its output impedance in the
transparent mode and to test the spasticity detection algorithm.

A. Hardware Control Unit

The hardware control unit comprises a real-time controller,
sbRIO-9632 (National Instruments—NI, Austin, TX, USA), en-
dowed with a 400-MHz processor running a NI real-time op-
erating system, and a field programmable gate array (FPGA)
processor Xilinx Spartan-3. The HLCL runs at 100 Hz on the
real-time processing unit, whereas the LLCL runs at 1 kHz
on the FPGA level. Notably, for the sF/E joint, an additional
absolute rotary magnetic encoder (RLS AksIM) is placed on
the actuation pulley (after the cable transmission system) and
provides the joint angle value, thus compensating for the intrin-
sic elasticity of the transmission cable that transfers the output
torque from the SEA output to the actual sF/E joint.

B. Characterization of the Torque Controller

Step response: Fifty increasing and decreasing torque steps
(amplitude 8 N·m) were commanded, and average values and
standard deviations of the rise time, settling time and overshoot
were calculated (see Table III). The rise time is lower than 0.4 s
for both joints, the settling time is lower than 0.5 and 0.4 s for
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Fig. 5. Tracking performance of the position controller for the sigmoid
trajectories of the path planner both for increasing (up) and decreasing
(down) angles. Each plot reports the mean value and standard deviation
contour (lower than 0.3° and 0.1° for sA/A and eF/E, respectively) of the
response mediated over 50 repetitions.

sA/A and eF/E, respectively, whereas the overshoot is lower
than 0.04 N·m for sA/A and 0.07 N·m for eF/E. Mean profiles
and standard deviation contours (lower than 0.03 and 0.08 N·m
for sA/A and eF/E, respectively) of the torque step response are
shown in Fig. 4(a), (d).

Chirp response: Four repetitions of a chirp signal with a fre-
quency range between 0.1 and 10 Hz were performed (amplitude
4 N·m, duration 160 s). The amplitude and phase Bode plots of
the response mediated over the four repetitions are shown in
Fig. 4(b) (sA/A) and Fig. 4(e) (eF/E). The estimated torque
bandwidth is 6.1 and 6.9 Hz for sA/A and eF/E, respectively; an
overshoot occurs at 4 Hz for sA/A and 5 Hz for eF/E.

Sigmoid torque profiles: Fifty repetitions of a sigmoid torque
profile (duration 2.5 s, torque excursion 8 N·m, maximum speed
4.8 N·m/s) were applied to the sA/A and eF/E joints, both for
increasing and for decreasing torques [Fig. 4(c), (f)]. For sA/A,
the root-mean-squared error (RMSE) between the reference and
the measured torque was equal to 0.040 ± 0.001 and 0.038 ±
0.001 N·m, respectively, for increasing and decreasing torque
profiles. Similarly, for eF/E the RMSE was equal to 0.046 ±
0.002 and 0.050 ± 0.002 N·m, respectively.

C. Characterization of the Position Controller

For the position controller, the capability to follow the sig-
moid trajectories implemented in the path planner has been as-
sessed. Fifty repetitions of a sigmoid angle trajectory (duration
2.5 s, angular excursion 20°, max speed 12°/s) were applied to
the sA/A and eF/E joints, for increasing and decreasing angles
(Fig. 5). For sA/A, the RMSE between reference and measured
angle was equal to 0.603°±0.050° and 0.609°±0.038° for in-
creasing and decreasing angles, respectively. Similarly, for eF/E
the RMSE was equal to 0.391°±0.018° and 0.186°±0.030°,
respectively.

D. Human-in-the-Loop Tests

Output impedance: One healthy volunteer wore the exoskele-
ton and performed elbow flexion/extension and shoulder adduc-
tion/abduction movements, with the device set in transparent
mode and gravity compensation activated. The user was re-
quired to move at increasing frequency, following a metronome

(frequency range was set between 0.3 and 2 Hz). The output
impedance was calculated as the ratio of the net torque (i.e., the
difference between the measured and the gravity torques) and
the angle value, normalized for the natural spring stiffness. The
results for the sA/A and eF/E joints are shown in Fig. 6. The
amplitude of the frequency response at 1 Hz resulted −17 dB
for sA/A and −25 dB for eF/E, corresponding to an output
impedance value of 23.4 and 5.5 N·m/rad, respectively, mean-
ing that, in transparent mode, sA/A and eF/E joint are, respec-
tively, 7 and 18 times more compliant than the hardware spring
stiffness.

Online spasticity detection: A threshold-based algorithm for
the detection of abnormal torque profiles due to spastic con-
tractions was implemented and tested. The algorithm is based
on two steps: first, a low-pass filter (moving average, with win-
dows of three samples) is applied on the measured joint torque,
and then the derivative of the filtered torque is computed. When
exceeding a predefined threshold (i.e., 45 N·m/s, as reported in
[34]), the corresponding joint automatically switches to trans-
parent mode. The algorithm was tested on four healthy subjects,
wearing the exoskeleton controlled in position mode while ex-
ecuting a pre-defined drinking task. A finite-state machine was
implemented to perform four sub-tasks: 1) moving to the object;
2) approaching the mouth; 3) bringing the object back to the ta-
ble; and 4) going to resting position. First, the user performed
the whole task five times; then s/he was requested to simulate a
sudden unpredicted movement in each one of the sub-tasks, in a
random direction. Fig. 7(a) shows the recordings for one of the
subjects in a single sub-task (4). In this case, the abrupt change
of torque was first detected on the sF/E joint. Fig. 7(b) and (c)
shows the deviations from the regular path of the joint angle
and joint velocity, as well as the end-effector trajectory. When
the change was detected, the difference between the measured
torque and the corresponding torque value on the regular task
(i.e., without any abnormal movement) was 4.3, with a delay of
150 ms. The mean torque error and standard deviations for the
four subjects at the time of detection were 3.2 ± 1.3, 5.7 ± 2.4,
3.6 ± 1.7, and 3.4 ± 0.6 N·m, respectively.

IV. DISCUSSION

Robotic devices have been recognized as tools to provide
high-intensity and repeatable rehabilitation, and improve the
engagement of the patient. Two main design requirements have
been typically considered for these systems. First, they should
include self-alignment mechanisms to ensure that the applied
torques are in the correct directions and the system does not
cause pain or undesired effects to the user; second they should
be able to provide relatively high torques (i.e., up to 20–25 N·m)
to treat limbs with high spasticity or hypertonia, yet providing
a compliant human-robot interface.

A. Kinematics

The kinematic chain of the NESM has been designed to adapt
to the residual movement of the shoulder girdle by following
shoulder protraction-retraction and elevation-depression trans-
lational movements. Residual movements of the elbow, trunk,
and scapula can be followed as well. With respect to other
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Fig. 6. (a) Output impedance of the shoulder adduction/abduction joint (up); Bode diagrams of the amplitude and phase of the parasitic joint
impedance, normalized with respect to the spring natural stiffness of 166 N·m/rad (down). (b) Output impedance of the elbow flexion/extension
joint (up); Bode diagrams of the amplitude and phase of the parasitic joint impedance, normalized with respect to the spring natural stiffness of
98 N·m/rad (down).

Fig. 7. Comparison between a regular task and the same task with a simulated spastic contraction, executed by passive mobilization of the user’s
arm. (a) Measured torque profiles (down) and calculated velocity profiles (up). The dotted line corresponds to the actual detection of the spastic
contraction (threshold equal to 45 N·m/s). (b) Joint velocity (down) and joint angle (up). (c) End-effector trajectory.

solutions, using active DOFs to counteract the elevation-
depression movement [35] or protraction-retraction [20], [36],
the NESM addresses both movements by means of passive
DOFs, without relying on accurate models to estimate the pas-
sive movement. Despite an increase of the overall encumbrance
of the system, the passive kinematic chain is embedded within
the exoskeleton support structure, and it is able to cover the
residual translation of the shoulder center of rotation within
the robot shoulder ROM. Indeed, according to [14], the passive
shoulder elevation movement is lower than 6 cm for an abduction
angle of 90°, whereas the medio-lateral translation has a maxi-
mum value of 7 —both compatible with the passive ROM of the
NESM shoulder. Similarly, according to [37], the residual ante-
rior translation is lower than 10 cm for a flexion of the shoulder of
90°. For future studies, a complete characterization of the kine-
matic chain will be carried out with motion tracking systems, to
validate the proposed model for complex shoulder motions.

B. Actuation and Safety

The SEA-based architecture of the NESM has been designed
to reduce the intrinsic mechanical stiffness of the actuator and

realize an intrinsically safer physical human-robot interface. To
meet this requirement, the spring stiffnesses of the NESM joints
(165.8 and 98.8 N·m/rad) were chosen to be comparable to the
biological joint stiffness [38] and ensure effective shock absorp-
tion [39]. To the knowledge of the authors, the only other exam-
ple of SEA-based shoulder-elbow exoskeleton in the state of the
art is the LIMPACT [22]. Similar to the NESM, the LIMPACT
actuation units, each including an elastic element with stiffness
from 170 to 180 N·m/rad, are able to achieve a maximum torque
of 36 N·m. However, the system was specifically designed to
provide fast torque perturbations for diagnostics measurements
in stroke patients, thus high power hydraulic actuators were used
to achieve a torque bandwidth in the range from 43 to 102 Hz.
Despite the high performance, the use of hydraulic actuators
makes the deployment of the system more difficult in a clinical
setting.

Other upper-limb exoskeletons with SEAs have been devel-
oped with a smaller number of active DOFs. In [26], a 2-DOF
lightweight shoulder exoskeleton with two linear actuators for
the shoulder enables the shoulder flexion/extension and adduc-
tion/abduction movements. The linear motors are coupled with
linear springs of 40 N/mm stiffness. With a maximal force of
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220 N for both motors, the maximum pitch torque and yaw
torque are 41.69 and 12.99 N·m, respectively. The motorized
WREX [40] consists of two passive DOFs for elbow and shoul-
der rotation in the horizontal plane and two DOFs for elbow
and shoulder elevation, actuated in a hybrid setup comprising
elastic bands and SEAs (spring stiffness of 2.51 N·m/rad). The
torque controller bandwidth is 3.18 Hz. Compared to these de-
vices, the NESM is able to provide higher torques, i.e., up to
30 and 60 N·m for the elbow and shoulder, respectively, with a
wider bandwidth, up to 6.9 Hz. These performances are similar
to the ARMin III, which can withstand torques up to 38.5 N·m
in a bandwidth of 2.2 Hz [14] and the ETS-MARSE, which can
deliver up to 54 N·m at the shoulder level [25]—though neither
of these devices uses SEAs.

Sensing and reacting to joint forces and torques increases the
safety of a wearable device. The online detection of spasms and
sudden movements commonly relies on threshold algorithms
based on the sensing of the joint torque, as in [27]. Typically,
when the measured torque is higher than a set threshold, a spasm
is detected and the actuators’ desired torque or force is set to
zero to release the joints and stop the training [41], [42]. In
some cases, more elaborate algorithms employing fuzzy con-
trollers have been developed [43]. By virtue of the high sensing
precision provided by the SEA, the NESM control system can
implement a simple threshold-based algorithm for online de-
tection of abrupt changes in torque profile (e.g., due to spastic
contractions or sudden object collision), and to switch the ex-
oskeleton to transparent mode to avoid harming the user’s arm.
The threshold on the torque velocity can distinguish the sud-
den contraction from other circumstances in which the torque
increases slowly. The offline analysis of the time delay between
the sudden contraction and its detection shows that position mea-
surements can also underline deviations from the regular path
before the torque velocity threshold is reached. This supple-
mentary information could be used to include additional thresh-
olds to strengthen the algorithm in real-time applications—
for instance, when the rehabilitation exercises are performed
in a structured environment with the repetition of func-
tional or stereotyped movements whose trajectories are known
a priori.

C. Mass Distribution

Except for the slider on the elbow joint, all passive DOFs
are located before the exoskeletal arm (i.e., before the chain
of active DOFs). This solution has been adopted in order to
minimize the weight on the human arm due to the shoulder
self-aligning mechanisms. The total weight of the moving arm
(around 12 kg) is comparable to other exoskeletons in the state
of the art with similar number of active DOFs. The ARMin
III shoulder-elbow exoskeleton includes some lockable passive
joints in the kinematic chain of the shoulder to provide vertical
translation of the GH joint according to the user’s anthropometry
and has a total weight of 18.755 kg [14]. The LIMPACT has a
lower weight (8 kg) thanks to the lightweight hydraulic actuators
and hollow aluminum linkages [22]. Despite having a higher

number of active DOFs with respect to the NESM, the ETS-
MARSE [25], and the MGA [44] exoskeletons have a total
weight of 11 and 10 kg, respectively, but they do not include
shoulder self-aligning mechanisms.

The maximum gravity torques, in static conditions, due to
the device weight resulted around 14.8, 15.7, 3.1, and 0.9 N·m
for sA/A, sF/E, sI/E, and eF/E, respectively [32], meaning that
up to 25% of the maximum continuous torque (particularly for
sA/A and sF/E) is required to compensate for the weight of the
device. Notably, gravity compensation is paramount to reduce
the output impedance of the joints at relatively low movement
speeds. While the compensation of inertia and Coriolis forces
can further improve the system transparency, in our applications
we foresee the execution of rehabilitation exercises at relatively
low speeds, thus we considered dynamic effects to be negli-
gible [45]. This is in part confirmed by the assessment of the
joints output impedance (calculated on the net torque deliv-
ered to the joint after gravity compensation), which resulted
in being relatively low with movements up to 1.5 Hz. Algo-
rithms for inertia compensation will be implemented for fu-
ture applications in which higher frequency movement will be
executed.

D. Rehabilitation Perspectives

Common robot-based rehabilitation protocols provide pas-
sive, active, or “assist-as-needed” arm mobilization exercises.
Similar to other devices from the state of the art, such as
the variable-stiffness elastic actuated AVSER [46], or the
impedance- or force controlled ALEx [47] exoskeletons, the
NESM implements different control strategies both for the
patient-in-charge and for the robot-in-charge control schemes.

The patient-in-charge modes implemented on the NESM can
be personalized according to the user’s needs and motion capa-
bilities, to generate assistive or resistive force fields of different
intensity and duration, with visual feedback to keep the user
engaged the whole time. In the muscle strength training modes,
a single joint can be trained in different conditions so that a
specific set of muscles (i.e., those involved in the movement of
a specific DOF) are strengthened. Finally, the path planner with
IK in the robot-in-charge scheme allows replication of task-
oriented functional movements for patients with poor residual
motion capabilities. Future studies will focus on the clinical
validation of the device with post-stroke patients with different
levels of spasticity and functional disability.
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