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Comparison of di erent error signals driving the adaptation in
assist-as-needed controllers for neurorehabilitation with an upper-limb
robotic exoskeleton

Tommaso Proietti, Guillaume Morel, Aga Roby-Brami, and Nathag@lkaJarrass

Abstract— Assist-as-needed control aims at maximizing shall thus be used, to let the subject actively control the
stroke survivors involvement during robotic-led therapies of  mpotion. In this case, the robot provides assistance by virtually
neurorehabilitation. Besides the speci ¢ characteristics of the constraining the motion and by supporting the impaired limb
designed adaptive control strategy, a fundamental property based on performance indexes, as for example in [7] or in [8]
of this control architecture is the choice of the error signal X p_ ) . ' o p :
which will drive the adaptation process. This driving source U|t|mate|y, It Is essent|al for rehabllltatlon I’ObOtS to a”OW
is a necessary control parameter to be chosen, although often a shared control of the movements, as soon as the patient
sidelined in the control design, and several solutions already has recovered a minimal amount of motor capacity [9],
gélnitp;;rr]eﬂ:ﬁresgatdei-g;—etrr:te-:ltrlrtétgg;resth{(s) 5332”1 h‘é"ea‘(’j":;tg‘?orfo [10]. Indeed, as neurorehabilitation addresses issues related
respectively based on the local joint performances, on the end- to motor control relearning, the dewc_es must allow patients
e ector only behaviour, or on the performance of one specic 0 express whatever natural, healthy-like movement they can,
joint in the kinematic chain of the robot. The resulting analysis ~ without suppressing any motor capability [11].
evaluates the possibilities o ered by simply changing from one |n this sense, techniques from adaptive control may lead
source to another with respect to the speci ¢ stage of the motor  , jmyrovements: adaptation can allow the robot to modulate
recovery of the patients, potentially extending the capabilities its assistance level based on the subject’s motor conditions
of current exoskeleton controllers for neurorehabilitation. - ) :

Advantageously, adaptation can also tune the controller to

I. Introduction account the di erences between patients.

Stroke is one of the main causes of acquired neurological 1hus Assist-As-Needed (AAN) controllers have been de-
impairments in adults worldwide. Stroke survivors are usu/€loped in order to maximize patients involvement by min-
ally left with disability, mainly motor impairments on both IMizing robot necessary intervention. There exist di erent
upper- and lower-limb movements and loss of hand dexteritf’Plémentations to produce AAN, but these usually involve
which are partially recoverable by undergoing rehabilitatio® feedforward assistance in addition to a feedback con-
[1]. Neurorehabilitation should provide intense and challengdf©!ler. and the adaptation is generally run o ine, trial-by-
ing physical training to the patients, progressing togethéF“”_"- The adaptatlon occur either at the' feedback level (PD
with their capabilities, and the therapy should engage patierf#@/ns adaptation to modify the compliance of the robot,
in active participations [2]. with a xed forgetting factor to reduce assistance [12], or

Rehabilitation robotics has been studied and developed fth an adaptive forgetting factor [13], or with sensorless
about twenty- ve years because of its interesting featurefgrc_e.estmatlon in _order to model subject’s capabilities and
for clinical applications [3]. Robots are, in fact, Capab|é51v0|d|ng'the forgetting term [14]) or at the feedforward Ieygl
of ensuring repetitive and intense therapeutic sessions, th@flaptation of the feedforward term to address repetitive
can provide reliable quantitative measurements of the p§onsistent errors [15], or with an additional neural network
tient performance during the therapy, and thanks to virtudp Model the subject capabilities [16]). o
environment, these devices can increase subject's motivation’Vhatever the solution adopted to provide AAN, limited
by producing up-to-date informations on the performanc@tten_t'on has been .yet given tq the source of the adaptation,
challenging the patients with involving games and providin(‘ﬁhat is the error signal re ecting the performance of the
scores [4]. operator and driving the adaptation process. In a tracking

In the literature, the most common approach for contask, for example, adapting the behaviour of the robotic

trolling exoskeletons for neurorehabilitation involves passivE*oSkeleton only based on the end-e ector performance,
control [5] modes: the subject is passive while the robot pefather than utilizing multiple di erent joint-based indexes,
forms the motion, mostly through a sti impedance control.ca1 iIMply su cient dierent adaptations and thus robot
However, the e ectiveness of such passive motions for stimRerformances. End-e ector based adaptation can be the

lating motor recovery is limited [6]. Assistive control modeslution when functional recovery is needed (regaining of
independence and functionality for performing activities of
Authors are with Sorbonne Universt, UPMC Univ. Paris 06, CNRS, daily living), but for impairment recovery, thus addressing
AC?ATHE U1150, Institut National de la Szmtet de la Recherche regaining of strength and muscle tone, range of motion, as
Médicale (INSERM), UMR 7222, the Institute of Intelligent Sys- g . . . .
tems and Robotics (ISIR), 4 place Jussieu, 75005, Paris, Franc¥€ll s jointsarm coordination, for example to avoid negative

{proietti,morel,roby-brami,jarrasse}@isir.upmc.fr trunk compensation while extending the arm, a joint-level



adaptation could be more e ective. It is then clear that, irAdaptation law
order to correctly use AAN in rehabilitation therapy, with 1 - hieve this adaptive behaviour, the gains of the PD

neurological dis_ease survivorg, a speci ¢ analysis Sh_OUId b&)ntroller are adapted trial-by-trial, based on the former
done to determine what possible sources of adaptation exjgl to mance of the subject, similarly to what is proposed by
and Wh'Ch potentiality each of them could exh|b|t. .. Ganesh et al [17] for achieving adaptive haptic exploration.

In this paper, we study_three di erent error 5|gnals drlVmglf the subject is correctly performing the requested task, the
the adaptation process in an AAN controller, in order 1q,; should try to reduce its assistance, and vice versa if
better determine which one should be used with respegts horformance is not satisfying, the robot should rather in-
to the speci c aspect of the rehabilitation process that ig e a6 its assistance. Namely, at a given trial k, the controller

targeted during the recovery of the patient. To this aim w roportional gain K; for the i-th joint of the exoskeleton is
utilize the above-mentioned controller we developed for omputed by:

former research on AAN [12], even if we believe our results
could be directly applied to most of the existing control Kéi = K‘gll + 2t ()
architectures for rehabilitation robotics, for example with ' '

impedance controllers which are one of the most commadfihere the learning parametey and the decay; are positive
solutions [5]. scalars, and;zepresents the reference parameter at trial k 1

to evaluate the performance of the i-th joint. In addition,
Il. Assist-As-Needed Control to avoid large increasing of the robotic stiness and thus
An AAN controller aims at maximizing subject participa- awkward feelings on the arm of the human operator, the
tion, by nding the minimum necessary level of assistance pi = 2" i is upper-saturated such that maxgl =
to complete the desired task. Our AAN control strategyi- At the same time the dampingqK varies with the
produces an output w R where n is the number of joints Proportional gain

of the robotic exoskeleton, which is composed of two terms Kgi = iK';’i.
W=u+vVv (1) Both gains are saturated betweepakKand Knin > 0, with
where u R"is a feedforward term, and v Ris a feedback Kit* K (TI'” i min
control. In particular, the feedforward torque is a model- = max i mn Rei Kopit +Kgit
pii pii

based gravity compensation, which helps the subject not to

feel the weight of the robot while inside the exoskeleton. Thgrror signals choice
feedback v, instead, is an adaptive proportional-derivative
(PD) control, thus similar to an impedance control WithOUE
the inertial term:

We de ned three di erent error signals capable of driving
he adaptation process of equation 3: end-e ector perfor-
mance based error signal, joint-by-joint performance based
error signal, and single-joint performance based error signal.
1) End-E ector Based adaptation (EEB): One intuitive
where q(t) is the joint position vector, and error signalsolution to drive the adaptation is by comparing, trial-by-
e ande are calculated with respect to the reference joiritial, the performance of the end-e ector and the desired
trajectory q(t) and the reference joint velocity, (). Kp, behaviour. The error computed at the end-e ector (either
the stiness term, and K the damping term, are positive position, velocity or both position and velocity ertpris
diagonal matrices of gains. then globally modifying the behaviour of the robot, that is,
Through this simple control scheme, the robot imposegll the robotic joints are adapting their control laws with the
the reference trajectory,(f) to the subject's joints when same ratio. With our controller, the EEB solution is given
the stiness is high (large values of Kand Kg), which by de ning the z as
is suited for early rehabilitation exercises, when the subject R ,
cannot provide large forces. In this case, the robot torques 2 2= ollledl+ lledD i [1...n] )
are _Iarge and the subject is mostly passiv_e in_the exos_keletcwﬂere is a scaling factor between the position
During the recovery, as soon as relearning is occurring, thg,q the velocity error, [ =

9 ; . = llkes P el
subject is expected to be able to provide more energy, IMXios X 02+ (Vaes ¥ oo + (Zdes Z eo)? is the end-e ector
order to complete the task more autonomously,

and thus theqition error, where we removed the dependence of time

robot needs to decrease its assistance. In our control, thisq () for a matter of readability, and similarly for the
is achieved by decreasing the stiness of the robotic arm.q o ector velocity error &| = [P Pucd
ee egl-

(small values of K and Kj). At the lowest limit, i.e. when

null Ky and.Kd are reached, the robot is only compgnsated 1since AAN controllers usually address early post-stroke therapies, faster

for the gravity by the u feedforward term, thus leaving theorrect movements than the desired one are unlikely to happen. The robot

exoskeleton in a transparent mode (no assistance/resistapeuld thus take care of the speed of the motion, stopping too fast or too
. . . low, probably unnatural, movements. When considering more advanced

to the free motion of the subject), and the subject completef

! Merapies, on the other side, the constraint on the velocity could decrease
active and free to perform any movement. the healthy freedom of the patients, and thus should be removed.

v=Kpe+Kqe, e=q(t) q(t) 2




2) Joint-By-Joint based adaptation (JBJ): In JBJ, the er-
ror signal in equation 3 is locally computed for each joint. In
fact, the error takes into account the single joint performance
to adapt its sti ness. Therefore, with this strategy, each joint
may evolve dierently. The JBJ performance index for \
the i-th joint, is given by

z= Lo(el+ i) i [1...n] (5)

where |g = | %8gt)  i(t)| is the joint position error norm
and [¢| = | i“es(t) i(t)] is the joint velocity error norm, both
for the i-th joint.

3) Single-Joint Based adaptation (SJB): In SJB, the
performance of one specic joint drives the adaptation of v
the whole exoskeleton. Therefore, similarly to EEB, the
SJB globally modi es the compliance of the robotic arm 4
by considering the same error for the di erent joints. We
de ned the driving variable as the exion/extension of theFig. 1. Experimental setup and ABLE close-up. The subject was told to
elbow angle ur, described by the International Society oftrack the outline of a foam-made parallelepiped with a plastic rod.
Biomechanics [18], that is the angle between the upper-arm
and the forearm. The coordination between these shoulder
and elbow is often impaired in post-stroke survivors [19],
and thus focusing on the resulting angle at the elbow could
be interesting for the therapy. The error on this angle is
computed as

z 2= Lo(el+ ) i [1..n (6)
where |e| = dHeFS(t) ne(t)] is the the e angle error, and
le|=] dHeFS(t) ne(t)| is the {e angular velocity error.

I1l. Materials and methods

A. The ABLE exoskeleton Fig. 2. An example of self-motion: for a same end-e ector position, the

Th dapti | ith ded th |t intra-joint coordination can be voluntary modi ed thanks to the system
€ adap 'Ve_ aigori ms were coded on the real Mkqyndancy w.r.t. specic tracking task. This di erent coordination can be
controller (RTLinux, running control loop at 1kHz) of anachieved and performed during the whole task, producing distinct joint
ABLE exoskeleton designed by the CEA-LIST [20], a fourtrajectories.

active degrees of freedom (DOF) robot, with 3-DOF for the

shoulder (for abduction/adduction, internal/external rotation, )
and exion/extension) and one for the elbow (for ex- stool. The exoskeleton was connected to the right arm of the

ion/extension), see gure 1. ABLE has interesting feature§UbjeCtS through three velcro cu s, one on the upper-arm and

for robotics rehabilitation, that are a large workspace (VO On the forearm. Besides, the subjects wore a commercial

allows 110 of rotation at the rst three axes, and about 130 wrist splint to limit wrist motion and prono-supination, not

at the elbow), a force/torque range compatible with humafPntrolled and not measured by the robot, see gure 1.
To compute the reference trajectories to control the robot,

ones (18Nm available on the rst two joints, 13Nm on the g " . o
last two, producing an equivalent maximum force at the han{® recorded the joint positions when the subject was pointing

of 50N), and above all high backdriveability, thanks to af‘t the corners of tge hsquared_ foam IW'ﬂ:j the _eﬁoslkeletqn
patented screw-cable mechanical transmission together with transpar:ency, an tden WE interpolate stralfght mesklnd
a model-based gravity compensation, providing a transparlfit/een them to reproduce the exact contour of the tracke

behaviour, with the robot that can be easily moved withol? JeCt,' i .
detecting any motion intention of the human operator. During the experiment, we performed 40 repetitions of the
task for each protocol, thus a total of 120 motions, and each

B. Experimental protocol motion lasted 10 seconds. By triggering a push-button with
In this paper we want to compare the e ect of di erent the left hand, the subject vquntarin started the motion and

error signals which can drive the adaptation law in AAN conthe trial recording.

trollers for neurorehabilitation. To determine the capabilities Similarly to the preliminary experiment in [12], we asked

of each adaptive paradigm developed in section I, we uséfe subjects for specic behaviours. In particular we can

the following protocol: we asked ve healthy subjects (agedlescribe four di erent phases of the experiment:

24.4 + 0.4) to perform once the tracking of the outline of a . Trial 1 to 25 the subjects were asked to perform the

25x25x4cm foam-made parallelepiped, while seating on a  task with the support of the AAN control,



. Trial 26 to 30 the subjects were asked to relax and let IV. Results
the robot perform the task . . .
) . ' . Trials 1-35: adaptation to the subjects performance
- Trial 31 to 35 the subjects were asked again to perform I ptat o P
the task with the support of the AAN control, Figure 3 shows the average evolution of the proportional
. Trial 36 to 40 the subjects were asked to perform thed@in K over the 40 movements and the ve subjects, when

task with the support of the AAN control, but producingusing the three dierent error signals. At the same time,
a di erent inter-joint motion coordination. gure 4 shows the average errors at the joints and at the end-

. . e ector at each trial, for the ve subjects. TheyKalue can

In the rst three phases we expected to see similar behaviouss, ¢qnsidered proportional to the sti ness of the robotic arm.
for the three cases of section Il, with the robot adaptingg exnected, all the AAN controllers adapted correctly to the
to the activity of the operator (the simple task should b@eapaviour of the exoskeleton operators. During the rst phase
easily achieved, thus the robot should decrease its as&stanzﬁ:%ls 1-25), while the subjects were actively performing
in phase 1 and 3, while it increases the stiness in phasge task and consequently the errors were low, the robotic
2). We expected small di erences in the adaptation strates,nsyeleton generally became more compliant (decreasing
gies, apart from the structural d|s_t|nct|on comparing globgk ). It is important to see the di erence between JBJ local
(EEB and S‘]B), and local adaptatl_on processes (JBJ). In tg aptation, in which the four joints adapted di erently based
fourth phase, instead, when asking to change voluntarily, 55| performances, and the other protocols, in which the
the motion coordination, while keeping the end-e ector tasko formance index was one for all the joints and therefore
achievement, we expected to obtain slightly di erent gaingne gains evolved exactly the same for the whole robotic
evolutions due to the variation on the driving error signalsdevice_ This di erent behaviour re ected into a larger mean

It is important to underline that we were able to performgrror at each joint, during this interval.
the fourth phase exercise thanks to the redundancy of thepnce the subjects relaxed (trials 26-30), the three con-
ABLE exoskeleton (a 4-DOF robot) with respect to throllers correctly increased the stiness of the robotic arm
speci ¢ task (pointing in the space requires only 3-DOF)producing better assistance to the movements (increasing
In this scenario, in fact, similarly to any pointing task withy ) |n this interval, both joint error and end-e ector error
healthy human arm, there are more available DOF than thecreased because of the voluntary relaxation of the subject.
required ones and we can achieve the same task (following soon as relaxation was over, the subjects were again
the squared outline) by performing di erent strategies at thgontributing to the performance, the errors were drastically
joint level (usually named as self-motions, see gure 2).  decreasing, and thus the robot compliance increased again.

For this experiment, the initial gains were set t@i K 200 _ _ . o
and pﬁoi = 6.6 i, and the gain saturations wereR*= 300, Trials 36-40: correcting a di erent coordination

Koi' = 0, K = 10, and K" = 0 for all the joints. In For the second part of the experiment, in the interval
addition, at the end of trial 35, we sep, K= Kq; =0 at each of trials 36-40, we asked the subjects to try to perform
joint, in order to compare the behaviour of the controllershe same end-e ector task while adopting a di erent inter-
with the same starting gain con guration (full transparency)joint coordination. The task was performed by increasing
= 0.1 was also set to give more importance to the pathyoth the abduction and the internal rotation of the shoulder
tracking, more than to the exact speed pro le reproductionwith respect to the desired joint trajectories, exploiting the
The tuning of the adaptive parameters and was aABLE/human system redundancy ( gure 2). Figure 5 shows
crucial de nition. We wanted the robot to be transparenthe resulting behaviour of the robot, for a typical subject. In
towards the end of the rst phase (within 25 movements)particular, the joint trajectory of trial 36 (dashed line) and
For this reason, given 'K = 200, we selected; = 8, i. 40 (solid line) are shown for each choice of error signal.
At the same time, we needed the robot to be able to reactAs we can see, the di erent inter-joint coordination was
su ciently quick (within 5 trials) to increases of the tracking “allowed” by the EEB adaptation, in which clearly the
error. To determine a useful to reproduce this phenomenoperformance index (the end-e ector error, which remained
we recorded the error range (joint error for JBJdg error for  small) was not in uenced by joint level performances. In
SJB, and end-e ector error for EEB, as de ned in section ll)fact, in this case, K did not increase (it remained almost
when the robot was performing the task alone, without angull, providing transparency to the exoskeleton), and di erent
operator, respectively in rigid mode (K= 300 and Kyq= joint trajectories with respect to the desired ones were
10) and in transparency ( K= Kq = 0). Trivially the rigid performed. On the contrary, JBJ adaptation quickly brought
mode gave us the minimum error for each protocol, whiléhe operator back to the desired coordinatiop, With this
the transparency the maximum one (indeed the robot did nstrategy, increased fast to decrease joints errors. Finally,
move during this test). Based on these error ranges and the in-between solution was provided by SJB adaptation, in
selected , we computed the values of for each protocolwhich the K, increased but larger di erences in the joint
which were: j;g5= 0.1 0.1 0.05 0.05 ;s;g=0.01, coordination were allowed. Figure 4 shows clearly that all
and jgeg = 0.01 for any i [1,...4]. The dierent for the controllers allowed for similar end-e ector error scores,
the JBJ case were due to di erent error ranges at the jointtBus the di erent inter-joint coordination did not a ect the
and 4 compared to the other joints, for this speci c task. tracking task.
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Fig. 3. Evolution of the four proportional gains,Kduring the experiment, averaged over the ve subjects, for the three adaptive paradigms. At trial 35,
the gains were zeroed to have the same starting con guration for the last movements. For each condition, the shaded coloured area represents the standa
error.

shoulder abd/add

joint error index

Fig. 4. On the left, average joint errors (sum of position and velocity error) and, on the right, average end-e ector error (sum of position and velocity
error), for the ve subjects and the three adaptive processes. For each condition, the shaded coloured area represents the standard error.

V. Discussion EEB, due to its architecture, allowed any motion the

We determined three di erent adaptation strategies for ougubject wanted to perform (control gains remained almost
AAN controller, respectively based on the local error of eacRull: keeping the robot in transparency, gure 3), as long
joint of the exoskeleton (JBJ), on the error of the end-e ectofS the end-e ector task was achieved (small end-e ector
(EEB), and on the error of a single joint (SJB), in particularTor in gure 4), and indeed it did not assist anymore the
the wr usually impaired in post-stroke survivors. patient along the desired motion coordinations (large joint

These three adaptation paradigms performed as expec#pr in gure 4). Unfortunately it is clear that perfect perfor-
in a typical tracking task, with variable voluntary behaviourmance at the end-e ector may happen together with negative
of the human operators. All the protocols were able to reaPmpensation at the shoulder level, producing potentially
either to increased (trials 1-25, and 31-35) or to decreasé¥fdapt therapy [21]. We believe that adapting and basing
activity (trials 25-30) by the subjects, showing the overalihe rehabilitation performance on a single parameter, as the
e ciency of the AAN control. Nonetheless it seems possible€Nd-€ ector score, could therefore in some case mislead the
to suggest that a local adaptation strategy, as in JBJ, codf¢erapy and the robotic assistance.
better t for early rehabilitation, when mostly targeting Joint-by-joint assistance, on the contrary, once determined
motor recovery. For example in this phase, as said, strokiee desired joint trajectory, almost did not allow any di er-
survivors show decreased capacities to extend their elbant coordination. This paradigm, for later stages of stroke
[19], having diculties in achieving most of the motion recovery, could be too strict. In fact, thanks to human arm
tasks; a JBJ solution could provide better control along sedundancy, there may be slightly di erent coordination to
desired reference coordination, performing better tracking @omplete the same task, without involving unnatural and
desired joint trajectories, while a global adaptation strategyathological behaviour at the joint level or at the shoulder.
(Ike in EEB or SJB) could determine larger joint errors.  Therefore the JBJ approach would also necessitate of highly

When considering instead the second part of the expedustomized references, since di erent patients may require
ment (from trial 36), we targeted stroke survivors who areli erent coordinations. One possible solution to use JBJ,
more capable of acting alone (late rehabilitation), a situatioeven with chronic patients, would be to develop a simul-
in which the controller should allow the patients to traintaneous adaptation of the desired trajectories, in order to
intensively, with a minimal assistance to avoid negativallow feasible and safe multiple strategies. But obviously
behaviour. these would increase the complexity of the controller and
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Fig. 5. Joint trajectories for the three strategies. Each column is one of
the four joints of the ABLE exoskeleton. For each plot, three trajectories
are shown: in red, the desired joint trajectory, dashed line the 36th motion
(the rst with a di erent inter-joint coordination), and in solid line the last [10]
motion (always with a di erent coordination, trial 40). First row is the JBJ
adaptation, second EEB adaptation, third SJB adaptation.

[11]

would require a di cult online evaluation of the feasability [12]
of a coordination strategy.

Finally, the SJB adaptation seems to be promising. It better
performed during the last trials, showing capabilities to assi§t3]
the subject while leaving some freedom in slightly changing
of the arm coordination. A weakness of this strategy igi4]
the global adaptation of the joint sti ness which generally
produced larger joint errors during trials 1-25 w.r.t. Iocat15
adaptation. A possible solution could be obtained by tuning
the values of the adaptive parameters ( and ) di erently for
each joint, thus creating distinct joint adaptations to the sal
error signal. Of course, a drawback would be to determine
the metrics to perform the mentioned tuning.

Therefore it seems clear that there is no a single optim I7]
strategy to drive the adaptation in AAN controllers, above a
without considering the speci city of the involved patients.
However, this not trivial parameter must be carefully kept "Els]
consideration and tuned for improving the e ciency of any
robot-led therapy.

In the future, more experiments will need to be conducted
in order to validate these preliminary results, obtained bj9]
simulating unnatural behaviours by healthy participants, to
evaluate the performances in a real scenario, with adaptation
of the robotic behaviour to the less regular impaired motdeo]
capabilities of real stroke patients.
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