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Assist-as-Needed Control of an Intrinsically
Compliant Robotic Gait Training Orthosis

Shahid Hussain, Prashant K. Jamwal, Member, IEEE, Mergen H. Ghayesh, and Sheng Q.
Xie, Senior Member, IEEE

Abstract— It is a common hypothesis in the field of
robot assisted gait rehabilitation that the active
involvement and voluntary participation of neurologically
impaired subjects in the robotic gait training process may
enhance the outcomes of such therapy. An adaptive
seamless assist-as-needed (AAN) control scheme was
developed for the robotic gait training. The AAN control
scheme learns in real time the disability level of human
subjects based on the trajectory tracking errors and
adapts the robotic assistance accordingly. The overall
AAN control architecture works on the basis of a robust
adaptive control approach. The performance of seamless
AAN control scheme was evaluated during treadmill
training with a compliant robotic orthosis having 6-
degrees of freedom (DOF). Two experiments, namely
trajectory following experiment and the AAN experiment
were carried out to evaluate the performance of seamless
adaptive AAN control scheme. It was found that the
robotic orthosis is capable of guiding the subjects’ limbs
on reference trajectories during the trajectory following
experiment. Also, a variation in robotic assistance was
recorded during the AAN experiment based on the
voluntary participation of human subjects. This work is an
advance on the current state of the art in the compliant
actuation of robotic gait rehabilitation orthoses in the
context of seamless AAN gait training.

Index Terms— Assist-as-needed, compliance

adaptation, gait training, pneumatic muscle actuators,
intrinsically compliant, robotic orthosis.

I. INTRODUCTION

of robotic devices during rehabilitation treatments can benefit
both, the patient and the therapist significantly. While
therapists can get rid of labor intensive and time consuming
training sessions, patients can receive objective treatment
augmented with the haptic and visual interf§€§L1]. The
overall rehabilitation process is expected to improve since the
use of various sensors and intelligent controller eventually
reduce subjectivity by increasing visibility in the recuperation
process through data recording and analyses.

Actuation and control technology plays an important role in
the design and functioning of these robotic gait training
orthosed12][13]. The initial prototypes of robotic gait training
orthoses were designed using linear actuators such as electric
motors which have high endpoint impedance. One of the first
gait rehabilitation robots (LOKOMAT), which made use of
the body weight support system (BWS) and an automated
treadmill, was developed in thatd 1990’s and after two
decades it is still being used in several clinldBKOMAT is
powered by linear motord1f]. Active Leg Exoskeleton
(ALEX) is also powered by linear motors. Ambulation-
assisting Robotic Tool for Human Rehabilitation (ARTHUR)
makes use of linear motors and a parallel mechanism for
gait rehabilitation.

Most of the early gait rehabilitation robots, such as
LOKOMAT, make use of trajectory tracking controll@.
However, such type of controller may not be suitable in
carying out the rehabilitation treatment effectively since it
forces patients to follow a fixed trajectory. In fact, for an
effective treatment, patients should be encouraged to

REHABILITATION treatment of gait in patients suffering participate actively and the role of rehabilitation robots should

from neurologic impairment§ [1}3] such as strdke J4-
and spinal cord injuries (SCI) can be significantl

improved with the aid of robotic orthosEs [J-9]. Active use
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?Fe to only scaffold or support when it is requifefl [8eping

his in view, several control strategies, namely, compliaht [9]
assistasneeded (AAN)[[$5[16-18] and patient cooperative
approacheﬂ have been developed in order to regulate
robotic assistance with patient’s disability levels. A state
of the art review of gait rehabilitation robot designs and their
control strategies has been providedlig]Rq].

The most common AAN robotic gait training strategies are
based on impedance cont{@fif23. In order to provide AN
gait training, an impedance control scheme has been
implemented on LOKOMAT[Z4]. An adaptive impedance
control scheme has also been propded@2]. The impedance
controlled robotic devices such as LOKOMAT address the
problem of moving compliantly against the gravity by adding
an offset term proportional to the weight or a fixed model of
the subject’s lower extremity dynamics El However, the
offset term or fixed model needs to be manually adjusted for
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each patien{Z5]. Moreover, the impedance control has on
been implemented effectively for the swing phase of rol
assisted gaif [f22]. It is also evident that the lower limb join
stiffness relationshig2][27] used in the inverse dynamic:
algorithm ofimpedance control schenfe][2] is most likely
not quantitatively identical to that observed in a particu
patient
A force field control schem§ JB8] has been used by the
developers of ALEX[[H29 and LOKOMAT for the
AAN gait training. This control scheme reduces the amoun
robotic assistance as the training process progresses
subjective manner without effectively taking into account t
patient’s movement capability and disability level. ALEX
force field [5] and LOKOMAT impedance controllers (virtue
impedance)[24] are also dependent gshysical therapist’s
deCISIOHIE. An AAN control SCh?me for ALEX has alsg Fig. 1. Experimental setup of the robotic orthosis with a subject
been evaluated on stroke survivors and has provii walking on a treadmill.
encouraging result§3l]. Recently, ALEX Il is reported in
literature and has 12 actively controlled degrees of freedomost of the cases, only trajectory-tracking control has been
(DOF) . The adaptive AAN control of ALEX Il applied to these PMA powered robotic gait training orthoses
modulates the assistive force based on the outputs of kerr{&g] [4§. Electromyography (EMG) activity of medial
based nonlinear filters. gastrocnemius has been used to proportionally control an
Later, robotic orthoses powered by inherently morankle orthosis powered by PM@. However, the use of
compliant actuators have been developed. Pneumatic cylindEfG signal as a feedback is quite comp|ég][and has its
have been used by Pelvic Assist Manipulator (PAM) andwn limitations such a cross muscle talk. Hence, the
Pneumatically Operated Gait Orthosis (POGG3|[34] to importance of providing seamless, adaptive AAN
provide compliant actuation to the pelvis and assistance durirghabilitation has been proven to be critical in terms of
leg swing. PAM and POGO have used the concept dierapeutic results, at least for the upper lif@5[R8|[50].
“triggered  assistance” [33]. The triggered assistance None of the above-mentioned robot control approaches
encourages the patient to first attempt the movemeptovide such type of gait rehabilitation.
voluntarily. If the patient fails to perform voluntary A light weight robotic gait training orthosis powered by
movements, then the robotic assistanise provided to PMA had been developed by the authol4§][ and
complete the movement, either automatically or initiated by subsequently, basic trajectory tracki and adaptive
therapist. However, this approach has a discrete-event natimpedance control schem were implemented and tested.
and requires decision either by a programmed rule set or byldowever, the trajectory tracking and impedance control
observing physical therapist. schemes have their own limitations as discussed above. In the
Lower Extremity Powered Exoskeleton (LOPES) and Knegsresent work, we have developed AAN control architecture
Ankle-Foot Robot (KAFR)[35 are other compliant robotic for providing seamless adaptive robotic assistance during gait
gait training orthoses. The concept of series elastic actuativaining process. The AAN controller adapts the robotic
(SEA) has been used in the design of LOREE} §nd KAFR. assistance according to the patient’s disability level in a
However, the hip joint is not considered in the design ¢feamless manner in real time. The overall AAN control
KAFR. The designers of LOPES and KAFR have alsarchitecture consists of a robust adaptive controller. The basic
considered the concept of AAN gait trainifB][36]. LOPES position controller in the overall AAN control architecture
has its patienin-charge mode during which the actuatomworks on the basis of a chattering-free robust variable
stiffness is kept low and robat-charge mode during which structure control law (CRVC). CRVC was used as a basic
the actuator stiffness is set high. pghysical therapist’s position controller in order to deal with the structured
decision is required to manually switch between the patment- uncertainties in the model of PM@. The adaptive
charge and robdt-charge mode which does not providecontroller in the overall AAN control architecture was
seamless adaptive AAN robotic assistaf@@l.[A sinusoidal developed to adapt the robotic assistance according to
input is used to validate the AAN control of KAFR which issubjects’ disability level.
not suitable for gait rehabilitation robots. Also AAN control It is important to mention here that a seamless adaptive
for KAFR has only been evaluated for ankle joint without th&dAN control algorithm has also been developed for Pneu-
validation for knee joinf35]. Wrex by Wolbrecht et al. in task space for upper limb
Pneumatic muscle actuators (PMA) behave quite similar tehabilitation [R5][50]. Pneu-Wrex is a robotic orthosis for
the skeletal muscles and therefore these are being usguber limb rehabilitation and is powered by pneumatic
increasingly in the field of rehabilitation robotid87f40]. cylinders (cylinder-piston arrangemer85[[50]. The AAN
PMA have intrinsic elasticity (compliance) which can be usecbntroller developed in the present study was implemented in
in providing compliant actuatiopl]. Several robotic orthoses joint space whereas the AAN control scheme for Pneu-Wrex
powered by PMA have been developed for the gait training bAs been implemented in task space. The adaptive AAN
neurologically impaired subjec{8§][40][42-47]. However, in  controller used in this study is different from the controller
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Fig. 3. Overall seamless adaptive Assist-as-Needed (AAN) control
architecture. Position controller works on the basis of CRVC
0 10 20 30 40 50 80 control law [51]. The AAN torque decay term continuously decrease
finee g1d divisions the amount of robotic assistance if trajectory tracking errors are
Fig. 2. Radial Basis functions for the hip and knee joints. ; S
small. The AAN controller was implemented in joint space.

used by Wolbrecht et al. in a way that a proportionalip or knee joint, and is measured by the pressure transducer
derivative PD) controller_has been used as a basic positigR the orthosis actuators. Finallf, € R is the equivalent
controller for Pneu-Wrex25|[50]; whereas in this study the torque provided by the human subjedtg at the hip joint or
robust CRVC was used as the basic position controller. It WRgee joint. The passive DOFs of the robotic orthosis also
necessary to use CRVC as the basic position controligsntribute torques at the actuated DOFs. However, these
because of the structured uncertainties in the model of PMAtorques were ignored while modeling the actuated DOFs of the
The significance of this work lies in the development of @ohotic orthosis. This assumption was made in order to keep
seamless AAN control scheme for robot assisted gaite dynamics of the system simple for control purpose.
rehabilitation. This work will help in further developing AAN  Modeling of the robotic orthosis powered by PMA was a
gait rehabilitation strategies for robotic orthoses powered Ryucial task. We refer the reader [B1] for further details
intrinsically compliant actuators. regarding the development of the robotic orthosis model,
powered by PMA.

Il. METHODOLOGY .
B. AssistasNeeded Control Law

A Robotic Orthosis Design and Modeling The adaptive controller for the robotic gait training orthosis
1) Design: A six DOF intrinsically compliant unilateralwas implemented in joint space for the hip and knee sagittal
robotic gait training orthosis powered by pneumatic musclslane rotations. Each of the two adaptive controllers make
actuators has been developed for treadmill training of subjegise of the sliding variableand of the“reference trajectoryv
suffering from neurologic impairments (Fig. #8. The _ Here,s andv are defined as

unilateral robotic orthosis presents an effective design choice s=0+18 @)

for the patients with hemiparetic gait. The actuated DOF were D=0 — 210 3)

hip and knee sagittal plane rotations. All other DOF were ke@ ered = 0 — 0* describes each of the tracking errors (at hip

passive. PMA was used for providing actuation to roboti d K . “andd bei he desired and lioi
orthosis hip and knee sagittal plane rotations. The readerdfad KNee Jomt)s_e andg being t € desired an actual joint
angles, respectively. Alsol = 4 Hz is a design parameter,

referred to for the complete design description of the™ = 4
robotic gait%ning orthosis P g P which was chosen experimentally. It was assumed that the

2) Modeling: The combined dynamics of robotic orthosis an{fint @ngles of the robotic orthosis correspond to the joint
human subject is given by angles of the human subject. Numerical differentiation was
-~ N\ _ used to calculate joint angular velocities. A single-rate
M©)6 + c(6,6)6 + G(e,) = Trop + T (1) differentiator filier with an order of 31 and a cutoff frequency
whered, 0, 6 € R represent the (hipr knee) angular position, ot 5009 Hz was implemented using Matlab to perform the
velocity and acceleration, respectively. The dynamics of h@noothening operation.

and knee angles have been treated in a decoupled fashion Ing 5 first step towards the definition of the control law,
order to simplify their complex treatment and therefore th%llowing the development i we define the term
overall dynamic equation can be described by (1). Decoupling Y(Q 6 v 15)90 - Mv+ Cv, LG-T 4

y U Yy - h

the hip and knee systems allows us to develop the same. . k . 6 :
controller structure for both subsystems; however th‘gﬁICh represents the dynamicsébandu, in Wh'Ch¢ER IS
column vector of parameters (representing the amount of

numerical values of their system parameters and th(?orr ue the subject is unable to provide to complete the desired
controller gains can be differert.(6) € R is the inertia term, . -q , ) ) L P 1x6 P
oint motions), whiler'(6,6,v,v) € R™® is a row vector of

C(6,6) € R represents centrifugal and Coriolis torques, Whilr% is f ) 4 K h q q .
G(0) € R includes the gravitational and frictional torques. | asis functions, assumed known, whose dependence on its
guments will be also omitted in the subsequent development

the remainder of the paper, the dependence of these terfns d"r{ . ; _ .
s . the paper. Since we assume that the time-varying functions
and 6 will be omitted when necessary for the sake Of/l C G andT. are unknown. we define the term
readability. The dependence of variables on time is also’ ™’ h Yo _Ml']-;-CAU+G 7 ®)
- —Ih

omitted for the same reason. The control varidblg € R is
the torque applied by the robotic orthosis to the dynamics of
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analogous td4), where each term with superscript representompletely compensated by the robust (CRCV) control action,
the current estimate of the corresponding unknown term (e.ghile in the present paper the adaptive term is mainly used to
M is the estimate a¥f). In particular,g € R® is the vector of compensate for the uncertainty due to the presence of the
estimates of the actual system paramgtefhe termr'@ will human subject, and the CRCV term to compensate for the
be a first component of the overall control lawuncertainty related to the actuator dynamics. By increasing the
Conventionally, classical dynamic modeling methods hav@agnitude of the design parametersF and D (which have
been used to develop the dynamic model in Th)s lattey been determined experimentally), a larger energy is allocated
which includes the human joint torque componé@h},(should to the CRCV control term, in order to cope with increasing
have sufficient resolution to adapt to different types and levelgicertainty in the PMA dynamics.

of neurologic impairments. The dynamic model developed for Lyapunov stability analysis of the robust adaptive AAN
the robotic gait training orthosis in this study used a Gaussigantrol scheme is provided ithe APPENDIX. The human
radial basis function to model the human joint torquéorque component in the AAN controller is certainly time-
component, as if2p. The Gaussian radial basis functions fodependent. The presence atime-dependent human torque

each of the two angles are defined as component results in an overall control system that is not
16—l lobally asymptotically stable. However, it can be shown that
gi = exp (— Tzl) @ 9 y asymp y

. ' , . . the proposed controller imposes a closed-loop dynamics for
wherey; is the center of theth radial basis functionf is the ¢ racking errors that is ultimégebounded. This means that,
current valueof the subject’s joint angle ando is @ scalar afier a transient phase, each of the two tracking errors is
smoothing constant that determines the width of the basignfined inside a compact set, whose size depends both on the

function. The grid divisions (Fig. 2) were equally spaced ?arameters of the system and on the torque output from the
12° apart witho = 5.096°for both subsystems. The number of,yman subject (please see APPENDIX).

basis functions and the value o& were chosen

experimentally, in order to offer the best possible trade-off ll. EXPERIMENTAL EVALUATION

between the precision of the approximation, and the

computational complexity of the implemented controller. Th& Subjects

vector of all the Gaussian radial basis functions is defined as Ten healthy, neurologically intact subject8 fnale and2

Y=[91 92 93 91+ Y9s Ys]” (6) female, age25-42 years (Mean (M) 31.5 years and Standard

The parameter vector is updated over time, according to tDeviation SD) 6.6039), height (M 1.702m and SD 0.056m)
following dynamics, analogously to what is dond28]{ and weight (M 69.6Kg and SD 6.391)) with no history of
o= _%yT(ny)-ly(;, — I 1yTg (7) neurologic disorders gave written informed consent and

participated in the preliminary study. The University of
Auckland, Human Participants Ethics Committee approved
this protocol.

Recalling the fact that' is a component of the control law,
we can notice that the first term on the RHS®ftends to
reduce the control action, and decays with time constant
R. This term is aimed at letting the information learned fronB. Experiment Protocol

the previous motion be preservediinwhich is very useful in - The gubjects were asked to walk within the passive (zero
case the human subject repeats a similar motion over tim@isiance mode) robotic orthosis for 20 minutes so that they
The second term on the right hand sidei§Rof (7) is instead  ghoyid become familiar with the robotic orthosis and training
attempting to reduce the tracking error, and is a typicglironment. Similar procedure was repeated for the robotic
adaptive control term, in which = yI € R°*® determines the orthosis in trajectory tracking (active) mode. All the
overall error- based adaptation rate, witk= 11N /m chosen eyperiments were conducted in single session. A wash out
experimentally. The dynamics {{7) is supposed to enforce aperiod of 20 minutes, for every subject, between each
decrease of the torque applied by the robotic gait trainingperiment mode was also provided. Hip and knee sagittal
orthosis when the subject is able to complete the movemegiane physiological gait trajectories reported by Wintel5H) |
without robotic assistance, which is the main characteristic Qfare ysed to define the reference joint angle trajectories.

AAN schemes. _ . These joint angle trajectories are scalable in time, amplitude
The overall robust adaptive control law (Fig. 3) for thegiset and range in order to be adjusted to the individual gait
desired robotic joint torque is written as parameters of subjects. However, this scaling was not
Trop = Y(0,0,1,9) — k,0 — k0 — ks (8) performed during the current experiments. Walking speed was

A CRVC law is used as a basic position controller, to guidget to 0.6 m/s during all experiments. Sensor data for all th
the subject’s limbs on reference trajectories in the presence of ~ experiments was collected at 60 Hz. No BWS was used during
structured uncertainties in the model of PMA. The termiie experiments as the test subjects had no neurologic
k, € R and k; € R are positive constants, representingmpairments and did not require any external supfzsifge).
proportional and derivative gains, whike is a time-varying The following experimental protocol was developed to

scalar function which implements the CRCV action, and @valuate the performance of AAN control scheme.
implicitly defined by the expression 1) Trajectory Following ExperimeniTrajectory following

sk, = a - sign(s) - (F + D|sk,|) 9) experimgnt is divided into two modes. During the fi_r$t mode
where, F, D € R are positive design parameters. This CRCVh€ subjects were asked to track the reference joint angle
term is a simplified version of the robust control actiontrajectories in a passive robotic orthosis (zero assistance
applied in [El. In the latter paper, the uncertainty wagnods. During the zero assistance mode the robotic orthosis
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Fig. 4. Average hip and knee sagittal plane joint angle trajectories with healthy subjects as a percentage of GC obtained during zero-
with healthy subjects as a percentage of gait cycle (GC) obtained impedance control mode, averaged over all subjects for two GC.
during position control mode (trajectory tracking), averaged over all
subjects for two GC. The shown trajectories are for the values of TABLE |
forgetting rate (t = 8s) that still allows the robotic orthosis to move MAXIMUM ABSOLUTE VALUES OF SAGITTAL PLANE JOINT ANGULAR
the subjects’ limbs on reference trajectories. DEVIATIONS AND MEAN VALUES OF THE ROBOT COMMANDED JOINT

. . TORQUE FOR DIFFERENT CONTROL MODES AND AVERAGED OVER
was operated in the zero impedance or zero force mode. T SuBJECTS DURING TRAJECTORY FOLLOWING EXPERIMENT. THE JOINT

terms of backdrive|d5|, patientin-charge @ and zero TORQUE IS A ROUGH INDICATOR OF THE ROBOTIC ASSISTANCE
impedance contro 9] have also been used for this ze PROVIDED TO THE SUBJECTS. STANDARD DEVIATIONS (i) ARE
assistance mode in literature. In this mode the robotic ge PRESENTZEZrFOOR 'NTER_SUB;ES;ES':'ZB;E& mode
training orthosis balanced its own weight and the net torque Gait assistance

the joint level was zero. Visual feedback was used to show tl | parameter mode = 7= 8s
subjects their tracking performance and encourage them

track the reference trajectories. A computer monitor was ust | |G, |max 18.78+7.5 2.96+1.7 4.22+2.1
to provide the graphical display of the reference joint angl 10noelmax | 28.24+10.2 6.31°+2.05 7.1%425
trajectories to the subjects along with their achieve Ty ob il 0 33.1 Nm+2.2 | 26.3 Nm+1.8
trajectories in real time. After the initial 20 minute session th Tyob kneel 0 31.21 Nm+1.9| 21.1 Nm+1.6

data for 60 gait cycles (GC) during the zero assistance mo
was recorded for analysis purpose. The rationale for the initi_
20 minute session was that to familiarize the subjects with tAgked to track the reference joint angle trajectories for 60 GC.
robotic orthosis walking. During the second mode (positiohhe objective of always active mode was to see if the AAN
control mode) the subjects were instructed to remain passfk@ntrol scheme can learn the torques necessary to assist the
within the robotic orthosis and allow it to guide the trajectorgubjects in tracking the joint angle trajectories while allowing
of their legs during the AAN control mode. Data for 60 Gche subjects to be more actively involved in the gait training
was recorded during position control mode for analysidroCess.
purpose. The forgetting rate for the AAN controller was  For the Modell (inactive to active mode) the subjects were
chosen by trial and error during the experiments. The value iggtructed to remain passive within the robotic orthosis and
T was slowly decreased until the controller could no longéflow it to guide the trajectory of their legs during the first 20
move the subjects limbs on reference trajectoriesh ~GC. During these 20 GC the controller learned the model of
maximum trajectory tracking error of 1@as used during the the torques necessaxyguide the subject’s limbs on reference
determination of value of. If the trajectory tracking error trajectories. After the first 20 GC the subjects were asked to
goes beyond TQ it was assumed that the controller is n@ctively track the joint an_gle trajectories Whl_Ie using visual
longer able to move the subject’s limbs on reference feedbag:k fc_)r 40 GC. The aim of inactive to active mode was to
trajectories. This position control mode is important for théetermine if theAAN controller can reduce its torque output
gait training of severely impaired subjects who canndfro») 0 allow increased voluntary output from the subjects.
voluntarily participate towards the gait training proces$oth the always active and inactive to active modes were
Visual feedback was not used during the position contr§Maluated with no forgetting rate o) and a forgetting rate
mode. The value of forgetting rate= 8s or (1/t = 0.125) (tr = 8s) |_ncluded in the AAN controller to evaluate the effect
that can still guide the subject’s limbs on reference trajectories Of forgetting rate. . .
was used for subsequeRAN experiments. The experiments were performed in the following order for

2) AAN Experiment: One more experiment was designed @J! the subjects. Firstly, the trajectory following experiment
evaluate if the AAN control scheme could learn the torqué¥as performed. Zero assistance mode was performed prior to
necessary to assist the subjects in achieving the desired rar{§€sPosition control mode. Secondly, AAN experiment was
of motion while allowing the subject to remain as activelperformed. Always active mode was performed prior to the
involved in the motions as possible. For thedd | (always Inactive to active mode.
active mode) visual feedback was used and the subjects were
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Fig. 6. Robotic orhtosis commanded torques at hip and knee
sagittal plane joints of healthy subjects as a percentage of GC
obtained during AAN experiment for always active condition,
averaged over all subjects for two GC. Trajectories with a
forgetting term (1 = 8s) (solid line) and without a forgetting term
(1 = ) are shown (dotted line)
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Fig. 7. Robotic orthosis commanded torques at hip and knee
sagittal plane joints of healthy subjects as a percentage of GC
obtained during AAN experiment for inactive to active condition,
averaged over all subjects for two GC. Trajectories with a
forgetting term (1= 8s) (solid line) and without a forgetting term
(1 = =) are shown (dotted line). The subjects’ remained inactive
(passive) during GC1. At the end of GC1 the subjects’ participated
actively in the gait training process during GC2.

TABLE Il
MAXIMUM ABSOLUTE VALUES OF SAGITTAL PLANE JOINT ANGULAR DEVIATIONS AND MAXIMUM VALUE OF THE CONTROLLER OUTPUT (I.E. ROBOT
COMMANDED) JOINT TORQUES FOR DIFFERENT CONTROL MODES AND AVERAGED OVER SUBJECTS DURING ASSIST-AS-NEEDED EXPERIMENT. THE JOINT

TORQUE IS THE ROUGH INDICATOR OF THE ROBOTIC ASSISTANCE PROVIDED

TO THE SUBJECTS. STANDARD DEVIATIONS (+) ARE PRESENTED FOR INTER-

SUBJECT VARIABILITY AND P-VALUES FROM WILCOXON SIGNED-RANK TEST FOR BOTH MODES ARE ALSO PROVIDED. VALUES FOR GC2 PRESRENTED IN FIG.

6 AND FIG. 7 ARE PROVIDED.

Gait Mode | (Always active) Mode Il (Inactive to active) P-values P-values
parameter T=oo T=8s 7= oo T=8s 7 = o (Modes I1&11) | 7 = 8s (Modes I&l])
1Onip | max 3.16+2.4 6.52+1.82 4.62+3.71 6.13+2.9 0.0020 0.1309
16 1nee | max 5.22+3.52 6.5+1.73 5.84+2.3 6.95+2.8 0.0039 0.9219

ITrobniplmax | 42.3Nm+3.1 | 38.1Nm+2.6| 42.6 Nm+2.7| 35.5 Nm+3.2 0.0045 0.0020
|Trobkneelmax] 46.51Nm+2.4 | 27.1 Nm+3.2| 445Nm+3.7| 28.2 Nm+4.6 0.0020 0.0016

joint angle trajectories averaged over all subjects are provided
in Table | (mean of maximum errors is provided). During
position control mode the maximum allowable angular
) S ) deviations from desired hip and knee joint angle trajectories
Intra-subject variability is an important parameter to studyere helow 16 (maximum mean values depicted in Table 1).
the reprodumbnlty .of the _expt_anmental results.. Irj order t§he mean values of robot commanded torque. . 4])
study the intra-subject variability, standard devu%tlons of th&veraged over all subjects during position control mode are
sagittal plane maximum joint angular deviation8,{,|ma:  presented in Table I. With an inclusion of the forgetting term,
|0neelmax) @nd sagittal plane robotic joint torques values decrease in robotic assistance was observed for all subjects
|T..p| from different GC of each separate experimental modes compared to the condition during which the forgetting term
were assessed. Further, in order to evaluate the statistisals not included (= o) (values depicted in Table I). The
significance of the experimental outcomes a Wilcoxon signedesired and measured hip and knee joint angle trajectories
rank test[§7] was also performed and discussed. All theluring the zero assistance mode, averaged over all subjects for
statistical tests were performed using MATLAB R2009b (Thewo GC are shown in Fig. 5. The magnitude of angular
MathWorks, Inc: Natick, Ma, USA). deviations (trajectory-tracking errors) during the zero
assistance mode were 187&8d 28.24 for hip and knee
joints, respectively, which were higher as compared to the
A Trajectory Following Experiment position control mode values of 4."22_nd 7.]_3 for hip and
knee joints, respectively (values depicted in Table I). This
The desired and measured hip and knee sagittal plane jajAbws that the subject had the freedom to perform voluntary
angle trajectories during position control mode are shown fijovement during the zero assistance mode. The commanded
Fig. 4 The presented results (Fig. 4) are for the minimurgbrque of the robotic orthosis at the joint level was zero during
value of forgetting rate (= 8s) that can still provide the zero assistance mode (Table I)
sufficient robotic assistance to guide the subject’s limbs on .
reference trajectories. This minimum value of the forgetting: AAN Experiment
rate was also used in the AAN experiments. The trajectoriesThe AAN experiment was also performed for two modes
(Fig. 4) were averaged over all subjects for two GC. THeuring the always active mode the subjects were actively
angular de\ﬂationsl@hiplmaxy [Grnee lmax) fOrm the reference participating in the gait training process. The second condition

C. Data Analysis

V. EXPERIMENTAL RESULTS



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 7

of inactive to active mode was evaluated to see that whetldarsiflexion during the swing phase and no cases of foot
the robotic orthosis can reduce the applied joint torques if theuching the treadmill were observed during the experiments.
subjects are actively participating in the gait training process.Finally, in order to check whether the differences in
For the AAN experiment the maximum joint angle deviationsbservations from two modes of AAN experiments (always
from the reference trajectories were also kept beldbg@he active mode and inactive to active mode) are statistically
robotic orthosis. significant, a Wilcoxon signed-rank test was performed. The
The robotic orthosis joint torque§,{;) during the always null hypothesis being tested was that there is no statistically
active mode and inactive to active mode are shown in Fig.s@nificant difference between observations across the two
and 7, respectively. With an inclusion of the forgetting term imodes of experiment. It should be emphasized that a
the AAN controller, the robotic assistand®,(,) decreased to nonparametric approach was exploited as the data sample size
38.1 Nm and27.1 Nm at hip and knee joint, respectivelywas small. Significance thresholdl01 was considered to
during the always active mode (Fig. 6), whereas without evaluate the statistical significance. Therefore, p-values less
forgetting term the robotic orthosis applied higher jointhan 0.01 indicate the null hypothesis being rejected. In our
torques of about 42.3 Nm and 46.51 Nm at hip and knee joistudy, this threshold is almost equivalent to the usual threshold
respectively, despite the fact that the subjects’ were actively  of 0.05 adjusted with the Bonferroni multiple hypothesis test
contributing in the gait training process. The magnitude a@rrection for our experimental protocols having four test
maximum values of these robot commanded joint torqug@arametersq05/4 = 0.0125). Results of the signed-rank test
averaged over all subjects are provided in Table II. are presented in Table Il. It is evident from the results that for
In order to show that the robotic assistance decreases duningst of the observations, the null hypothesis can be rejected
AAN gait training, the robot torqueg;(,) during the inactive owing to the small p-values. However, at least two
to active mode averaged over all subjects is presented for teleservations (maximum absolute values of joint angular
GC (Fig. 7). During the GC1 the subjects were inactive argkviations duringr = 8s) failed to reject the null hypothesis
were not voluntarily participating in the robotic gait training(p > 0.01). This further means that although a change in the
process. During the GC2 the subjects were activebngular deviation is observed when the forgetting factor was
contributing in order to achieve the desired trajectories (Fighcluded, it is not statistically significant. This may be,
7). When the forgetting termr & 8s) was included in the primarily, due to the fact that the provisions in the controller
AAN controller, the robot commanded torques decreases frain not allow deviations from reference joint angle trajectories
42.6 Nm to355 Nm and 44.5 Nm to 28.2 Nm for hip andbeyond a threshold value. Nevertheless, there is noticeable
knee jonts, respectively as the subjects’ started to participate  change in the commanded torques, which further strengthens
in the robotic training process (Fig. 7 and Table II). Without the presumption that inclusion of forgetting factor enhances
forgetting term € = oo) the robot commanded torques did notontroller’s ability to provide customized assistance by
show a decreasing trend during the inactive to active mode.JMarying the commanded torques. Further, observations from
other words the robotic orthosis commanded torque during thable I, (mode Il) reveal that including forgetting factor into
inactive to active mode without a forgetting term (Fig. 7}he controller {=8s), the angular deviations increases
showed a similar pattern as observed in the always actiwereas the commanded torques decreases significantly. This
mode without a forgetting term (Fig. 6). This shows that an important inference which further means that by reducing
without the forgetting term the robotic orthosis did nothe commanded torque, controller allowed increased voluntary
decrease the assistance torqué,,) during the AAN output from the subjects.
experiment and hence resulted in a reduction of the voluntary
participation from the human subjects. The robotic assistance V. DiscUssIONAND CONCLUSION

during the inactive to active mode (Fig. 7) converged 10 a ), s work an AAN controller was developed for the robot

steady state value depending upon the value of forgetting ral&isieq gait training of neurologically impaired subjects. The
and the amount of voluntary participation from the humagyera AAN control architecture works on the basis of a

SUb]?CtS' . . . _ robust adaptive control approach. The overall AAN control
With an inclusion of forgetting term, a decrease in robotig chitecture uses a robust CRVC law as the basic position
assistance was observed for all subjects as compared (0 B qjier in order to provide reasonable trajectory tracking
condition during which the forgetting term was not includefg o mance in the presence of structured uncertainties in the
(t = o) (values depicted in Table Il). The maximum meay,,qe| of PMA. The AAN controller was designed to provide
values of trajectory tracking errors averaged over all subjedt§,mess adaptive robotic assistance according to the disability
during the always active mode and inactive to active mode ggge| ang stage of rehabilitation of neurologically impaired
presented in Table Il (error values of only GC 2 are providedy hiects. We believe that this kind of adaptive AAN robotic

It was ensured during the AAN experiments that thgait training is important for neurologically impaired subjects
deviations from reference joint angle trajectories must Bg order to maximize the therapeutic efficacy.

below 10. These _an_gula_r deviations are partly due to the During position control mode the maximum angular
structured uncertainties in the model of PMBI[ If the  gaviations from desired hip and knee joint angle trajectories
trajectory tracking errors go beyond~1ehe robotic orthosis gt he pelow 10 This performance is in accordance with
should enhance its assistance torque. The subjects {gll yiher gait rehabilitation orthoses such as LOKOMAT, for
comfortable during all the experiments and no complaints Qihich the maximum trajectory tracking errors during the
pain were reported. The passive foot lifter provided S“ff'c'e%sition control mode must be below®1B]. The position
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control mode is important for the severely impaired subjectserapeutic efficacy of the adaptive AAN gait training
who are not capable of voluntarily participating in the gaistrategy, rigorous clinical trials with neurologically impaired
training process during the early phases of rehabilitatioaubjects are necessary. This work will aid in further
During the zero assistance mode the angular deviations weeveloping adaptive AAN rehabilitation strategies for robotic
higher as compared to the position control mode. Thig/stenspowered by intrinsically compliant actuators.
phenomenon was observed because the robotic orthosis was

completely passive during the zero assistance mode and the APPENDIX

subjects have the freedom to drive the robotic orthosis freely.-l-hiS section describes the Lyapunov stability analysis of the
This phenomenon has also_been reported for the zefg,,,q0q ropust adaptive AAN control scheme, mainly based
assistance mode of LOKOMATT][9]. The AAN controller takes, the resuits on adaptive algorithmg25[54]. We formulate

input in the form of trajectory tracking error and adjusts th nly one proof, which can be applied to the dynamics of both

robotic assistance. The. model basgd component of t and knee angles. The Lyapunov function candidate taken
controller adapts in real time the robotic assistance dependliﬁ account is
|

on the trajectory tracking errors. If tracking errors are sma 1, 5,1 N P

the controller decays the robotic assistance and lets the VZEMS' +E(k_l’+’1kd)"9 +54? F? (10)
subjects complete the desired movements and vice versawitereg = ¢ — ¢ is the time-varying estimation error of the
was observed during the AAN experiment that the inclusion grameterDifferentiating (10) yields

forgetting factor in the adaptive AAN control scheme resulted V =sMs+ 21\}152 + (kp + Akd)é'é +¢'ré (11

in a variation in robot commanded joint torques, depending ¥} taking the termMs + Cs+Yq and substituting the
the subjects’ voluntary participation. When the forgetting rate xpressions of, §, andYe from (2)-(4), one can show that

. : . e
was not included in the adaptive AAN control scheme, thﬁg+ Cs+Yp=MG+CO+G—T, Asa consequence, by
robotic orthosis did not decay the commanded torques even . . )

; . — simply taking the system dynamics (1) into account,
when the subjects were actively contributing towards the gait )
MS=T,op —Cs =Y (12)

training process. . R

The AAN controller developed in this study is proverBY, USing (12), one can further expand the expression iof
theoretically stable by using a Lyapunov-based stability ) as . . .
analysis. The AAN controller implemented for the robotic gaitV = s(Trop — Cs = Y) + ;Ms? + (ky + k)00 + ¢'T'§  (13)
training orthosis has the human torque component which Adso, sinceg = $ — ¢, recalling that (being constant over
certainly time dependent. The presence of time dependdime) ¢ = 0, and remembering that, by physical properties of
human torque component results in a system which is nie systemM — 2C = 0, from (13) it is possible to obtain
globally asymptotically stable. However, the controller was, — $(Tpop = Y®) + (ks + k)88 + §T(T$ +YTs) (14)

shown to exhibit ultimate boundedness, with the trackin oo . . 2 .
errors limited by the bounds of the system dynamics and fégbstltutmg the expressions1op in (), ¢ in (7), andlyop in

the bounds of the torque output from the human subject. It was’ y|elds. s < s ran

found experimentally that the control law (8) determines a V= —=2kp0° — ka8 —kps* = §"Ap (15)

convergence to steady state tracking errors. whereA = lryT(ny)—ly € R®*®, From (9), it is immediate
T

The value of forgetting rate was kept same for all thg, ohtain thate,, although time-varying, is always positive. As
healthy subjects during the experimental evaluation and a{tconsequence
provided satisfactory results. However, it will be interesting t . <> S0
see the effect of variation of the forgetting rate on the patients’ V= —Akp0% —kat” — ¢7AP . (16)
with different level of disability. It is not possible to prove the negative definiteneds, cfince
Statistical analysis of the observed data using the Wilcoxdhe Sign ofg”A@ can be either positive or negative. However,
signed-rank test shows that for most of the test data, the refle can definee = [ §]" € R* and P = diag(Ak,, kq) €
hypothesis was rejected and statistically significant differend®?*? and rewrite (16) as
was found between observations across the two modes of V< —eTPe— ¢TAD a7)
experiments. However, observations for angular deviatiomse”Pe > —@TA@, thenV < 0. A sufficient condition for this
during = 8s) failed to reject the null hypothesis indicatingto happen is
that, though a change can be noticed in the angular deviations, Amin(P)lle]? > maxg(— PTAD) (18)

it is not statistically significant. As stated earlier, primarily thigyhere. . (P) = min(2k,, ky) is the minimum eigenvalue of

may be due to the fact that the controller does not alloy +no maximum of-GTA¢ occurs whemp = /2, which
angular deviations beyond a threshold value. However, there lies = ¢/2. Hence, sufficient condition faf < 0 is

are other factors which may cause this anomaly, such as, smaf 172

sample size, involuntary participation of subjects and absence llell > %(;”T—A(";)) (29)
f a bod ight rt system t trali bjects’ : min .
\(/)vei;htso Y Welght support systef fo fiedfralize stbjects Equation (19) represents the set of the plane, whicl® tzasl

In summary, this research presents a seamless adaptiv@s coordinates, in which we can prove that the Lyapunov
AAN control scheme for the robot assisted gait training dinction is decreasing over time. This means ¢hatnverges
neurologically impaired subjects. The presented contrt® the Euclidean ball that is the complement of the set
scheme for seamless adaptive AAN gait training was onflescribed in equation (19). It is therefore possible to conclude
evaluated on healthy subjects. In order to establish theet 6 converges to the set defined as
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Recalling the expression af defined after equation (15), and

1/ oTap \ V2
0] < Z(Amm(P)) (20) [15]

the fact thatd,,,(FYT(YYT)™1Y) = A,.«(I"), we conclude

thatd is ultimately bounded as follows:

[16]

~ 1/2
6] < Ll (2222 (21)

This shows that the upper bound on the tracking error after the
transient phase is proportional to the Euclidean norm of the
actual parameter vectop of the system (a maximum 71
parameter error of 20% in the model of PMA was selecté]d
while formulating the overall control law). Also, the bound is
proportional to the forgetting rate/ T of the adaptive part of

the controller.
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