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Abstract— This paper presents the development of a
portable version of the robotic elbow exoskeleton BUROEXos,
designed for the treatment of stroke survivors in aute/sub-
acute phases. The design was improved by a novelrigs
Elastic Actuation (SEA) system. The system implemésn two
control modalities: a near-zero output impedance taue
control and a passive-compliance position control.
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. INTRODUCTION

Stroke is one of the major cause of chronic impairtror
disabilities, and post-stroke rehabilitation deephyolves
orthopedic and therapeutic medicine, clinical asPesnt
facilities and methodologies, and study of neuriglalg
phenomena like neural plasticity [1]-[3]. A longkdged
guestion is on how to increase the probability &fractional
recovery, which may be not achieved even afterobopged
rehabilitative treatment. Many studies [2], [4] gegt that the
rehabilitation in the early stages following a Egqnamely

early-rehabilitation from 1 week to 1 month after the stroke)

rotation, shoulder abduction and straight arm @exiThe
design of state-of-the-art robotic devices for upgmen post-
stroke rehabilitation does not comply with such ditans
[9]-[13]. Among these, a few devices follow an es@lston-
like approach: standard rehabilitation practicegolve a
close contact between the therapist and the subjecrder
to regulate the motion strength and velocity to tren
condition and to apply countermeasures for sulgect’
compensatory strategies [1]-[2], [7], sudden sp&gt[8], or

other joint-axis misalignment effects (the mostrpireent for

post-stroke upper arm is the shoulder subluxaf&}h, which

can affect the exercise’s results. While end-paitchines
cannot be capable of an adaptive behaviour towdrds
user’s single joints, exoskeletons may providedagability

of controlling their trajectory independently armml comply

with the patient’s condition, given a proper seization and
actuation means. Additionally, such a direct intécen may

provide quantitative and direct assessment of migie
performances, which may help in planning rehabidita
treatments [2], [6].

In this paper, we tackled the problem of providiag

can promote recovery and improve successful outspmé/éarable exoskeleton for the mobilization of parspastic
even if a quantitative demonstration of such hypsig has elbow condition. The exoskeleton is a revised wersif the

not yet been assessed [5].

NEUROExos prototype [14]-[19], a highly-wearablevide

Most post-stroke rehabilitation approaches [2]3 jth joint_ self-ali_gnment characteristiqs, develdpat The
stressed the fact that movement therapies are lyarg ioRobotics Institute of Scuola Superiore Sant'Ar{ésa,

beneficial if applied for several hours per dayeTdemand
for long and repetitive mobilization session (eithreclinical

setting or at home) has brought to the issue ofigimy

peculiar medical or healthcare devices. The roksen
neurorehabilitation is a fast-growing and promisiegearch
stream which involves many implications from thaichl,

engineering and social points of view [6].

Upper-limb rehabilitation [4] is really importantorf
stroke survivors, since it directly addresses #dwaration of
functional motion for daily-living activities. Durg the acute
and sub-acute phases, a paretic arm shows a dedtracd
adducted position [7], with a close elbow and slathp
shoulder. Most basic exercises involve mobilizatainone
single degree of freedom (DoF) at a time, tryingbting
away the arm from the body: elbow flexion, arm exa
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ltaly). This paper presents its actuation, transiois and
control systems enhancements: they include a safetgh
and a series elastic actuation (SEA) architect@®-[R21]
with a novel torsional spring element, the lattecréasing
robot’s joint compliance and enabling both positiorgue-
control methods. The whole platform’s deploymerd baen
carefully studied in portability and accessibility, order to
be easily used in compliance with clinical settings

Il. DESIGN REQUIREMENTS

In the new version of NEUROEXxos (that we call Elbow
Module v1.0) we propose a revised design for thaadion,
transmission and control systems.

A. General Requirements

Peculiar features of NEUROExos are the double shell

structure and the 4-DoF passive self-alignment zueisim,
[14]. Briefly, the device is composed of two frames
corresponding to human arm and forearm, connecyeitheo
actuated hinge joint. Both frames employ a doubilells
structure, with a structural carbon-fibre made ostell, and
an inner shell, molded in thermoformed plastic &itbred
on the wearer's arm, used for a steady but confflata
physical interface. The hinge joint is connectedht® upper
frame through a closed-chain mechanism, composeti3by
passive joints, resulting into a 4-DoF passive raa@m, so
that the powered axis has the same degree of lekitgnd
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(or even painful) interaction with an excessivdiff slevice
in case of involuntary spastic motions.

D. Support frame

Targeted patients, because of their motor disoydens
be forced on a wheelchair or, in case of acutkes,an bed.
From practical and usability consideration, it @sishe need
for the exoskeleton to be supported on a structasly
movable in a clinical environment; furthermore such
structure must allow adjustment of the exoskeletpatial
configuration in order to meet the specific patent

e F e conditions.
Fig. 1. NEUROEXxo0s actuated joint is asymmetric leetvinternal and
external side: a spring-loaded cam applies a cohdtace to counter- [ll.  SYSTEM DESIGN AND PERFORMANCE

balance the asymmetrical load. The NEUROEXxos Elbow Module v1.0 is constituted by
three main parts, meeting the aforementioned reménts:
the exoskeleton module, the remote actuation/cbhsysiem,
and a moveable stand that carries all of the meatio
modules.

A. Exoskeleton joint design

(9 The mechanical power is transmitted from the remote
actuation unit to the exoskeleton through a paiBofvden
O cables routing steel wire ropes (Carl S&altl8191517), by

means of a Capstan configuration. The driven pukgpngs
to the transmission torque unit on the externarédtside of
the exoskeleton actuated joint, and transmits thetom
® () @ torque to thg elbow jqint shaft th_rough a customdma
Fig. 2. Cross section of the exoskeleton actuaed'§ transmission. torsional spring (see Fig. 1 and Flg. 2). Since dhge,n
(1) Driven pulley. (2) Torsional spring. (3) Abstuencoder ring. (4)  Pulley lays on the external lateral side of theskebeton, its
Absolute encoder readhead. (5)-(7) Covers. (8) Exleton lower frame  weight loads asymmetrically the 4-DoF passive meisma.
conn_ection. (9). Exoskeleton upper frame connectid®)-(12) Ball Asymmetrical load is then partially counter-balathdsy a
bearings. spring-loaded cam mechanism (see Fig. 1). The wirive
automatically aligns to- the human elbow's one {fl4]], pulley and its external frame are built in lightglei
[22]-[24]. Passive joints also tolerate intra- @nter-subject materials, i.e. Ergal and Tecatron™ GF40 and rdsgby.
variability in elbow axis orientation and position. Two 32-bit absolute encoders (ReniskaRESOLUTE™,
B. Actuation and control strategy ring:_ RESA30USAO052B, reaghead: RASZBAAOSZBSOF)
provide a measure of the spring deformation, arakirg
The NEUROExos Elbow Module v1.0 employs a SEAnqwn the spring stiffness —of the torque appliethe joint.
[20]. Such configuration has been chosen accordittgthe  The yse of absolute encoders allows easy initidizaf the
following cqn3|derat|ons. The_exoskeleton contrpﬂ;te_m control system, contrarily to the incremental omtic
should provide at least two different therapy peols, in  encoders that require to be initialized to a priedef value.
order to achieve basic physical rehabilitation eisss,
namelyrobot-in-chargeandpatient-in-charge[22], [25]. In B. Torsional spring
robot-in-charge mode, which is best suited for ihidal The general goal in designing was weight and
stage of the rehabilitation process when patiermisnat encumbrance reduction; however, the pulley’'s diamét
move autonomously, the robot promotes a desiredomot related to the maximum desired torque (30 N- m)utnothe
pattern and has a relatively high joint impedamagient-in- admitted tension crossing the cables, and so cabsot
charge mode is needed when the subject can casdroe arbitrary small. To comply with the cable fatigumt
movements of his/her limb, and requires some assist tension, a diameter of 75 mm was chosen. This ffeaffiects
from the system to complete the task. In this tattese, the the constraints over the torsional spnng’s shaxpémlt the
robot should not hinder the patient motion, buheatit €ncumbrance, we enclosed the spring into the pulley
should show near-zero impedance while assistingugee. 2SS€Mbly, together with a ball-bearing set mountifig. 2).

SEAs allow the implementation of both high- and rreero A literature review over torsional spring suggedteat “flat”

joint impedance control strategies, as present¢2ih ggi:egnqaySl\J/(\:/g ggs)téczﬂér[i@h;vf?jﬁ(engfevrr\gzll\tsﬂgdgu;
In order to mobilize elbow joints affected by spcitt, ' '

NEUROEx0s can supply a maximum joint torque of 3 traight cylinder, transmitting the torque betwéga parallel

X : ) anges.
N-m. The SEA spring stiffness was set to 100 N-éitira o S elastic part's sizing, we started fromraight plate
which is a value comparable with the one of humidowe b 9 ght p

. assumptions, folded in a S-profile and fitted itib@ outer
[26], and thus prevents the subject from an uncotate cylinder (see Fig. 3). An iterative FEM simulatipnocess
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(2)

% Experimental data|
— Data fitting

*I [k=987468 Nmirad]
R= 0.99997

; Fig. 4. Overview of the Elbow Module v1.0. Laptopigel arm,
d controller and power supply box, adjustable exasthel support are
: visible.

Applied torque [N-m]

The behavior is well approximated by a linear iptéator
_ (R?=0.99997).

VUI 6 UI . .
Deflection angle © [rad] C. Remote actuation/control unit and stand support

(b) Carried on a dedicated adjustable appendix of the

Fig. 3. Torsional Spring. (a) Overview of the coment and FEM ~ moveable stand support (see Fig. 4), the motor imit
simulation results under a load of 30 N-m. (b) Derys. deflecton ~ composed of a DC servomotor (Maxon® EC motor EC60,
characterization, and the linear interpolator. 400W), an Harmonic Drive reduction stage (Harmonic

led to the tuning of the detailed dimensions skt final grr(i)\g?/%dcp:)ﬁlll_;)[/7v€r_1?c8hoiﬁze ;’}’ggl 3al:r)?§sugtrig?/vr§|ct)i;et?rfm8%
shape. As optimization objective, the maximum voiséd > .
stress ¢,)) had to be less than 1000 MPa, with an applieglzgyoﬁlt%t&h S(E;:Nﬁ dSl:#é 1?){1 Iﬂg ZyO) slf) '&Sﬁrﬁ?ihﬁmﬁ
torque T of 30 N-m, and the torsional stiffne&s to be : '

aroqund 100 N-m-rdd The chosen material is a Maragingexerts a torque higher than a threshold value afsett

. \ . “pbetween 35 N-m and 70 N-m), the transmission isujs#ed
steel (Bohler W720, Young's modulus of 193 GPaldyie jithout hurting the wearer. A system for manualiatient
stress of 1815 MPa): final simulation results atg, =

1 =~ of the steel cables’ pretension is provided, by mseaf lead-
and a stiffness(zzy = 110 N-m-rad, corresponding to a motor unit to the exoskeleton. The exoskeletoruisghon an
relative rotation of the spring’s flanges of 16°in& adjustable spherical joint at the tip of a liftaared extendible
dimensions are 35 mm outer diameter and an overadith  support. The weight of the entire structure is atb85 Kg.
of 55.2 mm. A plastic box contains the control electronics §dRIO-
The choice of the depicted shape for the torsielmhent 9632, Austin, Texas), which runs the real-time gunt
was also driven from consideration over itssystem, the Maxon EPOS2 velocity servos, and aowcust
manufacturability. Our spring is obtained from antd PCB to route the wires from/to the motor unit ahdensors.
cylindrical workpiece, then the central S-profie ¢ut out NEUROExos implements two control strategies (block
through a wire electrical discharge machining (WEDMdiagrams are reported in Fig. 5). Fig. 6 showspbsition
process, along a simple path (straight and cir@égments): control performance in a prototypical robot-in-gartask
the easiness of the working process guaranteesgla hivhere the device is programmed to displace thevejomt
reliability in the final component. After the cuitj process, of a healthy subject along a sinusoidal 0.5-Hztiajry [14].
the spring underwent to an annealing treatmemtg. 7 shows the performance of the toque contfoérwan
(820°C/1h/air), in order to avoid thermal modificat of the healthy subject displaces the NEUROEXxos joint, dpeiime
structure due to the WEDM, then to an ageing treatm desired torque equal to zero, thus simulating ec&ypatient-
(480°C/3h/air) to guarantee the nominal yield stresue. in-charge task. Over a frequency range of 0.3-55Hk, the
Torque vs. deflection behaviour of the spring wagparasitic stiffness ranges from 1 to 10 N-mi‘ragimilar to
characterized experimentally by using actuated tjoinwvhat was found in [14].
assembly as setup. The torque was applied by ae cabl
wrapped on the pulley and pulled by a tensile/casgion IV. CONCLUSION

test machine (Instron® 4464 load frame). The spring This paper presented the design and developmeat of
rotational deflection was measured by an encodemés new version of NEUROEXxos. We presented a new it
typology as depicted in Ill.A) while torque was igted from  actuation unit, as well as preliminary experimenésiults of
the Instron’s force reading (see Fig. 4) the implemented control strategies. Future workkairin at

. The experimental stiffneds is around 10% lower than carrying out a deeper experimental characterizationl
the FEM predicted onek(= 98.75 N-m-rad): this is still a validation in a clinical setting with patients affed by
better prediction than other similar results ieriiture, [27]). neurological disorders.
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Closed-loop joint position control
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ejoint A V EP emot
/ ’ 08 NEUROExos
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(a) joint
Closed-loop torque control
A V EPOS 911]010
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SEA
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T

(b)
Fig. 5. Control strategies. a) Joint position cohtpb) Torque control.
V is the voltage signal to command the EPOS2 drilkee. joint torque
T is estimated by measuring the torsional sprirftedion.
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Fig. 6. Position control: 0.5-Hz sine wave. Top)addered vs. desired
joint position. Down) Angular error. Data show ammmditude
attenuation of -0.83 dB, and a phase lead of 23°.
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Fig. 7. Torque control. Top) Joint displacementwbd Desired vs.

measured joint torque. Parasitic torque increape® 2.75 N-m, when
the joint angle varies between +35° with a freqyenfcl.3 Hz.
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