
 

 

 

  

Abstract—This paper introduces NEUROExos, an elbow 

powered exoskeleton for rehabilitation. The NEUROExos is 

provided with three novel characteristics which address the 

major problems arising in rehabilitation robotics. A double-

shell link structure allows for a comfortable human-robot 

interaction, while a 4-DOF passive mechanism gives a perfect 

kinematic compatibility with the user. Moreover, NEUROExos 

is powered by a variable impedance antagonistic actuator, 

which provides the exoskeleton with a software-controllable 

passive compliance. We present the main characteristics of the 

exoskeleton, with a focus on the actuation and control of the 

platform. Additionally, results on a healthy subject show the 

relevance of this design during a prototypical rehabilitation 

task. 

I. INTRODUCTION 

HE cerebrovascular accident, or stroke, is one of the five 

main chronic diseases identified by the World Health 

Organization (WHO) in their 2008 report [1]. Each year, 

approximately 500,000 people experience a stroke in US  

and about 1.1 million in Europe [2], [3]. This high incidence, 

combined with an aging population, significantly strains 

national healthcare services and related costs [4].  

A potential consequence of the stroke is the impairment of 

the motor function of the upper limb, and then the difficulty 

to perform activities of daily living [5]. A therapeutic 

treatment consisting of highly repetitive movements of the 

impaired limb is one of the most effective approaches to 

partly restore the motion abilities [6]. Unfortunately, this 

strategy is labor-intensive, requires one-to-one therapist-

patient interaction and gives results after several weeks of 

treatment. Therefore, the provision of highly intensive 

treatment for all the patients becomes onerous. 

Given that, many research groups investigated on the 

development of new robotic platforms to support the 

therapist in providing high-intensity and repetitive therapy, 

and to provide an objective, reliable means of monitoring the 

patient progress. Relying on this idea, in the last decades, 
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robot-aided neurorehabilitation was widely investigated and 

proved to be good as or even better than conventional 

therapy [7]. 

State-of-the-art devices for upper limb robot-assisted 

therapy can be classified in: end-point manipulators [8] , 

cable suspensions [9] [10], and exoskeletons [11] [12]. 

Among these, the latter was proposed as a solution to the 

problem of control and measurement of angle and torque on 

each joint of the impaired limb [13], which is a basic 

requirement for a successful rehabilitation therapy.  

An exoskeleton is a wearable mechatronic system 

matching the shape and the function of the human limb to be 

assisted [12]. Wearability is one of the most critical design 

requirements for this kind of robot. The kinematic structure 

of a wearable exoskeleton should take into account the 

natural variability of the users’ anthropometry, the range of 

motion of the limbs, and also the intra-subject variability of 

the joint center of rotations during movements [13]. 

Additionally, the whole mechanism should have overall low 

inertia, weight and encumbrance. Additional requirements 

are related to the interaction surface between the user and 

the robot, which should be large and have a good match with 

the shape of the patient’s limb. This way the pressure on the 

users' skin is kept low, reducing the risk of uncomfortable 

patient-robot interaction [14] . Finally, the actuation system 

should guarantee sufficient force/torque performances to 

execute the rehabilitation task while allowing for a safe 

patient-robot interaction even in case of spasmodic motion 

[15]. 

In this paper we present NEUROExos (NEUROBOTICS 

Elbow Exoskeleton), an elbow exoskeleton for neuro-

rehabilitation purposes. This wearable robot, shown in Fig.1, 

possesses many innovative features which fulfill the 

aforementioned design requirements. These features, which 

will be described in Section II, are:  

1. a double-shell link structure, which improves the robot 

wearability and comfort by reducing the pressure on 
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Fig. 1 Overview of NEUROExos platform. 
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the user's skin;   

2. a passive self-aligning mechanism, which allows the 

actuated joint axis to be always aligned with the 

instantaneous human joint rotation axis; 

3. a bio-inspired compliant actuation system able to 

regulate independently the actuated joint position and 

stiffness, in an open-loop fashion.   

Section III will introduce the bio-inspired control 

algorithm for the passive compliance and position 

regulation, which experimental characterization will be 

reported in Section IV. In Section V, a prototypical 

rehabilitation task will be tested on a healthy volunteer in 

order to show a practical application of the NEUROExos 

features. Finally, Section VI will draw the conclusions.  

II. THE NEUROEXOS PLATFORM 

A. The double-shell link structure 

NEUROExos links are designed to fit the shape of the 

user's limb segments and distribute the interaction force 

between the user and the robot over a wide area. This allows 

to reduce the pressure on the user's skin and ensure a 

comfortable and safe interaction. High localized pressure 

values can indeed be felt as uncomfortable or even painful 

by the user, as shown in [16]. The NEUROExos links are 

depicted in Fig. 2. Each link is composed of a two-layered 

shell structure [17][18]. The inner shells are tailor-made on 

each subject and are in contact with the arm segments. The 

external shells are the same for different subjects, and 

constitute a rigid frame. 

Each inner shell is made of two half-shells, to be coupled 

with the dorsal and ventral sides of the limb segment. In this 

way, the user can easily wear the exoskeleton by laying 

down his/her arm on the dorsal half-shells, and then 

fastening the ventral half-shells to the arm with two velcro 

belts, as depicted in Fig. 1. The inner shells have a two 

layered structure: a 3 mm-thick internal layer of ethylene 

vinyl acetate, EVA, (555XEB/3, M.T.O., Italy), for  

moisture draining and skin transpiration, and a 3 mm-thick 

outer layer of polypropilene (558/3 M.T.O., Italy). 

The external shells have a double-wall carbon fiber 

structure of two 1.5 mm-thick layers spaced by 7 

millimeters. This solution guarantees an overall low 

encumbrance, weight and inertia as well as a high torsional 

and flexional stiffness required to provide the interaction 

torque. The external shells are linked with the inner shells 

through four elastic connecting elements, which are screwed, 

on one side, to the polypropylene layer of the inner shell 

and, on the other side, to a spherical joint that is housed by 

an aluminum frame inserted on the carbon fiber structure of 

the outer shell (see Fig.2). Thanks to a high longitudinal 

compression stiffness (100 N/mm), the elastic elements can 

transmit the interaction force between the inner and the 

outer shells while allowing, at the same time, small relative 

motions thanks to a lower shear stiffness (15 N/mm).  

B. The passive self-aligning mechanism 

Orthopedic studies demonstrate that human elbow is a 

‘loose hinge joint’ over its motion range. Because of its 

laxity, the elbow rotation axis traces the surface of a double 

quasi-conic frustum with an elliptical cross-section [19] (see 

Fig. 3). This conic frustum varies in shape among subjects, 

and also within an individual subject depending on the 

flexion mode (active/passive), the forearm position (prono-

supination angle) and the presence of varus or valgus 

moments applied on the forearm during the elbow motion.  

In order to avoid undesired interaction forces and ensure 

a good kinematic compatibility over all possible elbow 

movements, we introduce redundant degrees of freedom on 

the exoskeleton. Instead of decoupling the joint rotations 

from the joint translations, as in [13], we designed a 4-DoF 

passive mechanism which provides the actuated-joint Fig. 2 Exploded view of the double-shell structured links. 

 
Fig. 3 Anatomy of the elbow articulation with the double shell frustum in 

evidence (adapted from I.A. Kapandji).   
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Fig. 2 Antagonistic tendon-driven compliant actuation an of the 

NEUROExos: (a) two remote antagonistic units, named flexor (‘flx’) and 
extensor (‘ext’), power the NEUROExos active joint, (b) exploded view of 

the driving block. 

rotation axis with two rotational and two translational 

degrees of freedom. The range of motion of this passive 

mechanism covers the variability of the human frustum and 

therefore ensures a perfect kinematic compatibility between 

the robot and the user during motion. An accurate 

description of this mechanism, along with its experimental 

validation on end-users, is out of the scope of this paper and 

will be presented in detail on [20]. For a demo of the 

NEUROExos passive mechanism see http://db.tt/MYkE0Hl. 

C. The antagonistic actuation system 

Compliant actuation is claimed to be one of the main 

requirement for a rehabilitation device [21]. Differently from 

closed-loop controlled rigid actuator, it guarantees low 

output impedance, even in case of high frequency 

disturbances [22]. This is particularly important when a 

spasmodic event happens. In this case, the patient would 

interact with a compliant device, avoiding any risk of 

suddenly high and painful interaction forces. Compliant 

actuation systems such as series elastic actuators [23] have 

been widely applied in this field [24]. While this solution is 

inherently not rigid, variations in the output impedance can 

be achieved only by means of closed-loop interaction control 

strategies [25]. To overcome this limitation, variable 

impedance actuators have been proposed [26]. These 

actuators simplify the control system and provide the joint 

with software-controllable hardware compliance. The 

resulting adjustable compliant behaviour is an inherent 

hardware property of the actuation system and does not 

require any additional control loop. 

NEUROExos is provided with an adaptive, passive-

compliant actuator [27], implemented by means of an 

antagonistic non-linear elastic actuation system. This 

configuration takes inspiration from human musculoskeletal 

system, which powers the limbs through antagonistic muscle 

pairs. The musculoskeletal system generates a convergent 

force field around an equilibrium position of the limb by 

relying on the elastic features of antagonistic muscles. The 

selective activation of one of the two muscles displaces the 

convergent field towards a new equilibrium position and, 

consequently, changes the position of the limb. The 

simultaneous co-activation of both muscles (i.e. muscles co-

contraction) increases the slope of the convergent field (i.e. 

the joint stiffness), leaving the limb position unchanged 

[28][29]. In a similar way, the actuation system of 

NEUROExos can apply a convergent torque field around a 

certain angular position (i.e. the equilibrium point) by 

regulating the rest lengths of two opposite elastic actuation 

lines. The slope of this convergent torque field (i.e. the joint 

stiffness) can be regulated independently to the equilibrium 

position, thanks to the non-linearity of the compliant 

elements [26]. 

The layout of the actuation system of NEUROExos 

consists of a pair of remote and independent antagonistic 

units as depicted in Fig. 4-a. Each unit consists of a series of: 

a non-linear elastic element having a quadratic force ( F ) vs. 

cable elongation ( l∆ ) characteristics (i.e. 

( ) 2 2

1 2
F l b l b l∆ = ∆ + ∆ ), a linear hydraulic actuator with a 

stroke of 50 millimeters (Parker-Hannifin Corp., OH, USA), 

a stroke amplifier (transforming an hydraulic piston 

displacement x∆  in an elongation of the transmission 

sl a x∆ = ∆ , with 4sa = ), and a steel-wire rope with a 

diameter of 1.4 millimeters (Carl Stahl, Süssen, Germany) 

which transmits the force to the NEUROExos driving block 

through Bowden cable. Each hydraulic cylinder is controlled 

by a three-land-four-way proportional electronic valve, 

commanded by a ±10 V DC signal, which sets the spool 

valve position, and consequently the piston velocity, as 

explained in [30]. The hydraulic circuit is powered by a 

three-phase 1.1 kW AC motor (Parker-Hannifin Corp., OH, 

USA). 

The non-linear elastic element is based on a linear tension 

spring coupled with a cam mechanism (see Fig. 4-a), whose 

working principle, design and experimental characterization 
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have been described in details in [32]. In Fig. 4-b an 

exploded view of the driving block is illustrated. It is 

composed by the driving pulley (radius of 19 millimeters), 

which the antagonistic steel ropes wrap around, a custom-

made planetary gear amplifying the input torque of a factor 

four, the frame housing the force sensors, and two 

mechanical end stops which limit the range movement of 

NEUROExos to 130° deg, preventing the human elbow 

hyper-extension and hyper–flexion.   

The planetary gear reduces the force transmitted by each 

antagonist cable, and consequently, the friction loss due to 

Bowden cables, as outlined in [33]. The maximum nominal 

output torque of the driving unit is limited to 15 N·m by the 

mechanical strength of the planetary gear. 

D. Sensory Apparatus and Control Unit 

A 1024 ppr incremental optical encoder (2420, Kübler, 

Germany) was assembled coaxially with the driving pulley 

(see Fig. 4) and the sun gear to measure the flexion-

extension rotation angle (resolution of 0.09°). Two custom 

load cells allow to measure the force transmitted by the 

antagonist tendon cables. Finally, linear potentiometers 

(SLS095, Penny&Giles, Dorset, UK) are used for the 

measurement of the pistons positions with an accuracy of 

0.01 millimetres. The NEUROExos control algorithms runs 

on a real-time control system (NI PXI-8196 RT, Austin, TX, 

USA) equipped with a data acquisition card (NI M-series, 

Austin, TX, USA).  

III. THE CONTROL SYSTEM 

This section provides a mathematical description of the 

passive-compliance control strategy showing how it is 

possible to actively tune the NEUROExos joint equilibrium 

position and stiffness, thanks to the non-linearity of the 

antagonist compliant elements. 

The torque τ  applied by the antagonistic cables on the 

NEUROExos actuated joint is: 

( )pg dp flx exta r F Fτ = −              (1) 

where 
d p

r  is the radius of the driving pulley, 
pg

a  is the 

transmission ratio of the planetary gear, and 
flx

F  and 
extF  

are the force applied by the extensor and flexor units 

respectively. Assuming the steel cable infinitively stiff, the 

total elongation l∆  of the transmission line coincides with 

the strain of the non-linear elastic element and, 

consequently, the force driven by each cable is a non-linear 

function of the spring elongation:  

( )

( )

2 2

1 2

2 2

1 2

ext ext ext ext

flx flx flx flx

F l b l b l

F l b l b l

∆ = ∆ + ∆

∆ = ∆ + ∆
           (2) 

The elongation l∆ , of each actuation unit, depends 

linearly on both the piston position x  and the joint angle θ :

 ( ) ( )

( ) ( )

0

0

0

0

ext s ext ext dp pg

flx s flx flx dp pg

l a x x r a

l a x x r a

θ θ

θ θ

∆ = − + −

∆ = − − −

       (3) 

where 
sa  is the gain of the stroke-amplifier, 

ex tx  and 
flx

x  

are the pistons positions of the extensor and flexor units 

respectively, 
0θ  is a fixed reference angle, and 0

ext
x and 0

flx
x  

are the positions for which the elongations extl∆  and flxl∆  

are nil when 0θ θ=  ( 0 0θ =  corresponds to the configuration 

of maximum extension).  

The joint equilibrium position eqθ  is easily calculated by 

making 0τ = , and substituting (3) in (2): 

( )
2

s flx ext

eq

pg dp

a x x

a r
θ

∆ − ∆
=             (4) 

where 
0

flx flx flxx x x∆ ∆ −≜  and 0

ext ext extx x x∆ ∆ −≜ . By 

appropriately changing the reference frames for the piston 

positions, it is possible to have 
0 0 0flx extx x= = , so that (4) 

becomes: 

( )
2

s ext flx

eq

pg dp

a x x

a r
θ

−
=               (5) 

The joint stiffness, (i.e. /Kθ τ θ−∂ ∂≜ ) is equal to: 

( )( )2 2

2 12 pg dp s ext flxK a r b b a x xθ − +≜
 
       (6) 

As equations (5) and (6) show, the joint position is 

proportional to ( )ext flxx x−  while the joint stiffness is 

proportional to ( )ext flxx x+  . Thereby, the joint position and 

stiffness can be regulated independently. Given the desired 

joint position and stiffness, the high-level layer of the 

passive-compliance control calculates the desired pistons 

positions of both the flexor and extensor units, by using two 

new control variables, which are a linear combination of extx  

and flxx . The first variable, namely differential-mode 

command, is defined as a reciprocal shift of the antagonist 

pistons: 

 2

ext flx

dif

x x
x

−
=                (7) 

The second, namely common-mode command, is an equal 

shift of the antagonist pistons:  

 2

ext flx

com

x x
x

+
= −               (8) 

Substituting (7) and (8) into (5) and (6), we get the final 

equations describing how differential- and common-mode 

commands can be used to respectively control the joint 

position (9) and stiffness (10): 

 
Fig. 5 Block diagram of NEUROExos passive compliance control. 
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pg dp

dif eq

s

a r
x

a
θ=                (9) 

 

2 2

2

2 2

1

2

4

pg dp

com

pg dp s

K a r b
x

a r a b

θ −
=              (10) 

Then, the desired pistons positions are calculated as: 

 

flx dif com

ext dif com

x x x

x x x

= − −

= −
               (11) 

Finally, the low-level layer controls the hydraulic pistons 

positions extx  and flxx  by means of two independent PID 

closed-loop compensators (see Fig. 5). 

IV. EXPERIMENTAL CHARACTERIZATION 

 In order to evaluate the performance of the open-loop 

position and stiffness control, we performed both a static and 

a dynamic characterization. 

A. Static Characterization 

The static characterization aims to verify how the 

NEUROExos control can change the joint stiffness, and how 

this impacts the static passive behavior of the joint. To this 

end, we first set the equilibrium position to 45degeqθ = , 

then, for five different values of common mode command 

(i.e. [ ]0,1, 2,3,4mmcomx ∈ ), we slowly and manually 

displaced the NEUROExos joint of about 15 deg in both 

directions (i.e. [ ]15;15θ∆ ∈ − ), while recording at the same 

time the output of the two cable force sensors. For each 

value of comx the procedure was iterated ten times in both 

flexion end extension directions. 

The results of this characterization are shown in Fig. 6. 

The measured torque increases linearly with the angular 

error, defined as the difference between the equilibrium 

position and the actual position (i.e. 
eqθ θ θ∆ = − ). 

Moreover, an increase of the common mode command 

results in a higher slope of the torque vs. angular error curve, 

and therefore, in an increased passive joint stiffness. The 

estimates of the joint stiffness for the five common-mode 

commands have been obtained by fitting each curve of Fig. 6 

with a linear interpolator. The fitting results, along with the 

RMSE are reported in Table 1.  

B. Dynamic Characterization 

 In order to have a complete dynamical characterization of 

the open-loop position and stiffness controller, we analyzed 

the response to an angular step and chirp commands, under 

three different common mode command values. 

1) Step Response 

 A 30 deg step (ranging from 0 to 30 deg) was chosen as 

the desired joint angle input. Three stiffness levels were 

tested by setting comx  equal to 0, 1 and 2 mm. Twenty 

consecutive steps were performed for each stiffness level. 

Fig. 7 shows the angular trajectory averaged over all the 

iterations for each stiffness level. As can be seen from the 

values reported in Table 2, the raising time decreases 

proportionally with the increase of the joint stiffness. 

Moreover, there is a steady-state error which decreases with 

the level of stiffness (see Table 2). This error is due to the 

fact that the compliant position controller acts in an open 

loop fashion, and cannot reject the torque disturbance due to 

gravity. 

2) Chirp Response 

 The frequency response of the position controller was 

characterized by means of a linear angular position chirp 

with a frequency range of 0-8 Hz, a duration of 480 s and an 

 
Fig. 6  Static characterization results.  

 

TABLE I 
STATIC CHARACTERIZATION - FITTING RESULTS 

[ ]
com

x mm  0 1 2 3 4 

 Kθ [Nm/deg] 0.43 0.51 0.64 0.81 0.99 

RMSE [Nm] 0.06 0.04 0.07 0.06 0.13 

 

 
Fig. 7 Step response results. 

 

TABLE II 

ANGULAR STEP RESPONSE RESULTS 

[ ][ ] / degcomx mm K Nmθ−  0 - 0.43
 

1 - 0.51
 

2 - 0.64
 

Raising time [s] 0.071 0.067 0.064 

Steady-state error [deg] 0.51 0.23 0.12 
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amplitude of 30 deg (reference angle spans from 45 to 75 

deg). The same chirp input was repeated for three different 

stiffness levels ( [ ]0,1, 2mm
com

x ∈ ) in order to evaluate the 

effect of the stiffness on the system dynamical response. The 

estimated Bode diagram (amplitude and phase) of the system 

was obtained as the ratio between the Fourier transforms of 

actual angular position and the reference angular trajectory. 

As can be seen from Fig. 8, by increasing the joint stiffness 

the -3dB bandwidth of the system increases as well (see 

Table III).   

V. PROTOTYPICAL REHABILITATION TASK 

A. Prototypical rehabilitation task 

 In order to evaluate the functionality of the NEUROExos 

system along with its compliant actuation, a prototypical 

task has been designed and tested on a healthy volunteer 

(male, 27 years old, 70Kg). This task aims to simulate a 

simple rehabilitation procedure, where the subject is totally 

passive and the exoskeleton drives his arm. NEUROExos 

was programmed to move the user’s arm along a sine wave 

angular trajectory (amplitude 105 deg, from 10 to 105 deg, 

frequency 0.5 Hz). A two-minute movement was repeated 

for four levels of joint stiffness, obtained by setting the 

common-mode command to 0, 1, 2, 3 mm. Fig. 9 shows the 

resulting desired and actual angular trajectories for the four 

levels of stiffness. For the sake of clarity, only one sine 

wave period is shown. It can be seen that there is an angular 

error between the reference and the actual trajectory, which 

mainly results from the effect of the limb weight on the 

compliant actuation. Most importantly, by increasing the 

joint stiffness, the error between the reference and the actual 

trajectory is reduced. This is more evident in Fig. 10, which 

reports the mean and standard deviation of the amplitude of 

the actual angular trajectory and the RMSE between the 

reference and the actual trajectory for the four levels of joint 

stiffness. This simple experiment proves that by regulating 

the joint stiffness, NEUROExos can allow different error 

levels with respect to the desired trajectory. This variable 

compliance is a basic feature for a rehabilitative device in 

order to adapt to the specific level of impairment of the 

patient [34].  

B. Spasmodic movement simulation 

 As stated in the introduction, one of the main reasons for 

using a compliant actuation system is the safety of the 

patient. A spasm, i.e. an involuntary contraction of a muscle 

or a group of muscles, is a frequent event during the early 

phase of the rehabilitation. Ideally, the rehabilitative device 

should detect the spasm and react timely to reduce the 

interaction force/torque. This is particularly critical when the 

spasm results in a disturbance that cannot be rejected by the 

controller (e.g. with frequency components above the 

disturbance-rejection bandwidth of the closed-loop 

controller). NEUROExos avoids this problem by relying on 

the intrinsic compliant feature of its actuation system. In this 

case, it is possible to regulate the reaction of the exoskeleton 

to a sudden movement of the user through the actively 

controllable passive stiffness. In order to prove this concept, 

we simulate the effect of a spasmodic motion during a 

prototypical rehabilitation task. In detail, NEUROExos is 

programmed to perform 40 deg sine wave movements 

(ranging from 40 to 80, frequency 0.5 Hz, common mode 

 
Fig. 10  Movement amplitude and RMSE resulting from the prototypical 

rehabilitation task  

 
Fig. 8 Estimated Bode diagram of the NEUROExos actuation system. 

 

TABLE III 

ANGULAR CHIRP RESPONSE RESULTS 

[ ][ ] / deg
com

x mm K Nmθ−  0 – 0.43
 

1 – 0.51
 

2 – 0.64
 

-3dB bandwidth [Hz] 6.45 6.91 7.24 

-3 dB phase [deg] 93.1 89.5 85.8 

 

 
Fig. 9 Prototypical rehabilitation task results. 
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command 0 mm) independently to the external disturbances. 

During the movement, the subject wearing NEUROExos is 

asked to suddenly flex his arm as fast as possible, and 

maintain the muscle contraction for few seconds, then 

releases the arm and returns to the passive state. The 

resulting angular trajectory (both the desired and the actual 

one) along with the angular error and the measured 

interaction joint torque are reported in Fig. 11. As expected, 

even if the robot was not programmed to react to the 

"simulated" spasmodic event, the measured interaction 

torque keeps very low (under 8 Nm) and, most importantly,  

no torque peaks effects are present, thanks to the passive 

compliance of the actuation. 

VI. CONCLUSION 

 In this paper, we presented NEUROExos, a novel robotic 

elbow rehabilitation device. This exoskeleton possesses 

three main innovative features: the double-shell structured 

links, the four-DoF passive mechanism to align the actuated 

joint axis to the anatomical elbow axis and a compliant 

antagonistic actuation system, inspired to the muscle-skeletal 

apparatus. These features address three important design 

requirements for a dependable rehabilitation device: (1) a 

wide and comfortable human-robot interface which can 

gently transmit the interaction torque, (2) the kinematic 

compatibility between the human and the exoskeleton, to 

ensure a proper torque transmission to the human joint 

without the risk of overloading the patient's articulations, (3) 

a safe actuation system, which can provide the needed joint 

torque with a low output impedance over the whole 

frequency range of possible inputs. In particular, the static 

and dynamic characterizations of the NEUROExos actuation 

system demonstrate its ability to independently regulate the 

passive joint stiffness and the equilibrium position. This 

feature was then exploited to a prototypical rehabilitation 

procedure. The arm of a subject wearing the exoskeleton is 

moved on a reference trajectory by means of an impedance 

field. Experimental results clearly show that by increasing 

the joint stiffness level, the arm can be moved along the 

reference trajectory with lower angular error. Moreover, the 

reaction of the system to a spasmodic movement has been 

tested in order to prove the safety of the system in an 

application scenario which is common during rehabilitation 

therapy. Even in this critical situation, NEUROExos shows 

the benefit of its compliant actuation system. Indeed, the 

interaction torque remains very low during all the spasm 

duration. 
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