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Abstract— This paper presents a novel assistive control for
lower limb exoskeletons. The controller provides ta user with
a scaled version of the Winter'snominal torque profile, which is
adapted online to the specific gait features of theiser. The
proposed assistive controller is implemented on th&LEX Il
exoskeleton and tested on two healthy subjects. Bsqgmental
results show that when assisted by the exoskeletasers can
reduce the muscle effort compared to free walking.

. INTRODUCTION

In this paper we explore the use of powered exetieas
for assisting human walking with the specific goaf
reducing the muscle effort.

Several pathologies can decrease the walking yalufit
affected persons by reducing their muscle streratid

consequence, the effect of any assistive deviceatabe
evaluateda priori, but need to be tested specifically on
human subjects. Clearly, the design of an assistiaxce
should take into account fundamental knowledge @bou
biomechanics and neurophysiology [2]. Recent studie
exploit proportional EMG control strategies to pdes
walking assistance. These studies showed that waren
assistive torque is provided, humans modulate tmeiscle
activation in order to maintain the total torquefle (i.e.,
the sum of human muscular torque and assistiveuddrq
unaltered along the gait cycle [3],[4]. As a consmtpe, the
muscle torque is decreased and the metabolic e#drticed
[5]. On the other hand, the joint position trajegtin the
assisted condition seems to be modified by thestasgie
[3][4]. Similar studies showed that the adaptatitme
increases with the level of assistance provided,saems to

endurance, or lowering the maximum sustainable i@ard be equivalent for the hip and the ankle joint. BesiEMG-

effort (e.g., heart related diseases). A patholdgiondition
of the lower-limb articulations (e.g., hip paintesarthritis)
can result in an onset of pain that reduces théerpas
walking ability as well. In either case, by using assistive
exoskeleton that can reduce the muscle force redjuio
walk, patients might recover their normal movemebility
and improve their physical and social health comalit

The production of muscle force is the main contobdo
the metabolic cost of walking. In addition, the iledforce is
an important source of load on the articulationsicty, in the
case of e.g. osteoarthritis, produces pain [1].ishse
exoskeletons may represent a possible way of iegtthe
normal walking effectiveness in these critical aiions.
Walking assistance requires a strong synergy betvike
user and the robot. While walking, the assistives&rleton
provides the user’s joints with supplemental tosjubkat
change along the gait cycle. At the same timep#es adapts
his muscle activation patterns in order to explsitch
assistive torques in a convenient way (i.e. motlapsation).
If the assistance is successful, the motor adaptatiocess
will result in lower muscle forces and thereby areno
efficient walking for the user. A thorough understang of
the human adaptation process is therefore needdskign an
effective assistive device for walking [2]. Unfontately, the
adaptation process depends on the specific actitireaobot
(i.e., the actual assistive torque profile appbiedeach user’s
joint), while the effectiveness of the assistivegtee (in terms

based control, other approaches have been usedirdigcon
inertia reduction [6], gait segmentation [7] or pios-based
compliant force fields [8]. So far these method$ mibt prove
to reduce the user effort compared to free walking.

From a research perspective, the main drawback of
existing assistive devices is that they cannot igethe user
with any desired assistive torque profile durindkivey, but
are limited to a specific assistive action. Thisitation is not
only due to the mechanical design of the robot @ctuators
selection and placement) but also to the specidintrol
strategy implemented on it (e.g., proportional EN@trol).
As a result, their potential use for understandimgnan
behavior is restricted. In this paper we presentssistive
controller that can overcome this limitation byimsiting the
wearer’'s walking cadence on-line (using adaptiegdency
oscillators [9]), computing the current percentstride, and
finally providing the user with any desired torgpeofile
along the gait cycle. The proposed assistive ctetrtas
been implemented on the ALEX Il gait trainer [10jda
experimentally tested on two healthy subjects. Huo
purpose of the experiment, the powered exoskelatsists
the user by providing a scaled version of the naimiorque
profile as extracted from Winter's dataset [11]ttee hip
alone. Results of the experiment along with disoumssire
reported.

IIl. METHODS

of muscle force reduction) depends on the progtessi the A The ALEX I1 gait trainer

adaptation process. These two factors are
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indelibly
interconnected and cannot be studied separately.aAs

ALEX Il is a treadmill based lower-limb exoskeleton
(Fig. 1) developed at the University of Delawar@][1The
unilateral robotic leg of ALEX Il has two active gtees of
freedom (driven by geared DC motors, Danaher Caitjuor,
Washington D.C., USA) to power the hip and kneatpof
the user on the Sagittal plane. Hip adduction/atioluds
allowed through passive degree of freedom. Thetioley
is supported from the rear by a back support, wiitdo
attaches to the user. The back support providefigcwation-



independent gravity compensation for the device].[12

Importantly, the back support is provided with save

passive degrees of freedom to allow the physiolgic

movement of the pelvis during walking (i.e. antposterior,
superior/inferior and lateral movement).The reaeticontrol

and the data acquisition were managed by a dSPAIR 1
control system (dSPACE GmbH, Paderborn, Germany). F

the purpose of the experiment ALEX Il has been fiedlito
interface and assist the movement at the hip only.

B. The Assistive Controller

The assistive controller is based on a two-stepgss (1)
estimate online the user’s joint torque and (2)vjate the
user’s joint with a constant fraction of the torgestimate
using the powered exoskeleton. This approach alltaving
assistive torque profiles that are always cohdfiardirection
and amplitude) with the mechanical action resulfiogn the
muscle activation.

Electromyography can be exploited to estimate #ex's
joint torque with good results. Nevertheless, ijuiees an
accurate placement of electrodes on the skin, acwhgplex
and time-consuming inter- and intra- subject calibn. An
alternative strategy for user’s joint torque estinraconsists

in solving the inverse-dynamic problem. This metho
requires a good estimate of joint positions andirthe

derivatives, as well as an accurate dynamic maickbleouser.
In addition, any physical interaction with the exid
environment (including the exoskeleton) should leasured
and incorporated in the model. Both these methoels/ary
accurate but also very complex and often impralslican
most real-world scenarios [13]. An alternative siolu could
be the use ohominal torque profiles that can fit the actual

user torque during walking inside a certain rande d

uncertainty. While walking at a constant cadenlee,ftuman
joint torque follows a periodic temporal pattermttipresents
good intra- and inter-subject repeatability if natired by
the subject body weight and expressed as functfothe
relative time of the gait-cycle duration (i.e., érbetween two
consecutive heel strikes of the same foot) [11].

Starting from these considerations, we designed
assistive controller that exploits theminal torque profiles,
as defined and computed by Winter [11], to estinthte
user’s joint torque as a function of the currenagsh of the
gait cycle, the walking cadence and the user's harght.

The proposed assistive controller (Fig. 2) is cosegloof
three stages that address the following issues:ofiline
estimate of the current phase of the gait cycled&inition
of the assistive torque, (3) effective transfertlué desired
assistive torque to the user’s leg.

The first stage of the assistive controller addresthe
estimate of the current phase of the gait cycle gdit cycle
(i.e., stride period) is defined in the controles the time
between two consecutive left heel strike eventsijewtihe
current phase inside each gait cycle (expressadascent of
stride period) is obtained as the ratio between tthe
elapsed from the start of the current cycle, amdetkpected
duration of the cycle. The expected duration ofghi cycle

is estimated through an Adaptive Frequency Osoillat
(AFO), a mathematical tool that has been originall

developed for other applications [8] and more régeamsed
for estimating the high-level features of periodioman
movements for rehabilitation and assistive purpd8§43].

Fia. 1 The ALEX Il gait trainel

A thorough presentation of the AFO is out of theps of
this paper. A mathematical description and a dtail
experimental validation of the current implememtatof the
AFO can be found in [8]. Resistive foot-pressunesses are
&mbedded in the user's shoe insoles (see [10] for
implementation) and act as switch to detect thd-steike
and toe-off events. By combining the left foot hetiike
detection with the estimated cycle-duration, theistise
controller can compute the current stride percent.

The estimate of the user’s joint torque is basedhen
value reported on the Winter tables [11] as a foncof the
stride percent and the walking cadence. Three rdifte
torque profiles are used for slow cadence (86.Bs#tan),
ormal cadence (105.3 steps/min), and high cadéiz®1
steps/min). These profiles are implemented on a bi-
dimensional look-up table2D-LUT) that takes as input the
cadence estimatecdd) and the current percent of stride
(Sride %) and gives as output an estimate of the current
user’s joint torque Tn). The output of the 2-LUT is then
multiplied by the body weight of the subjedW), and
Si{bsequently by a factor that allows to regulagestimount of
assistance provided by the powered exoskel&Siappért %).

The obtained valu€T(les) defines the set point for the closed-
loop low-level control, which is in charge of ensgr an
effective transmission of the desired torque touber’s leg.

It is worth noting that by using the same conttalicture we
could have feed any desired torque profile thaeféned as a
vector of 100 values of the percent of stride.

C. Experimental Protocol

Two healthy volunteer subjects participated in the
experiment. None of them had previously experienced
assistive control on the exoskeleton. The partitpaigned
an informed consent before the experiment tookeplade
protocol was approved by the University of Delaware
Institutional Review Board. Surface EMG activityorfn
Rectus Femoris and Gastrocnemius Medialis of tisestasl
leg were measured by MA-420 EMG preamplifiers. EMG
recordings were digitized at 1 kHz using the MAZR-
system (Motion Lab system Inc., Baton Rouge, LAAYS
With an internal band-pass filter (10-500 Hz) andyan
coefficient of 4000. User's joint angular positiongere
recorded for hip, knee and ankle flexion-extendignusing
mechanical resistive potentiometers (PASCO, RdselA,



USA). Resistive foot pressure sensors equipped thetheft
and right insoles and were used as switches tatdbezl-
strike and toe-off events. Both angle and presmwgasures
were directly digitized by the ALEX Il controller.

The experimental protocol consisted in walking on a
treadmill at a constant velocity of 2.4 mph (1.0/&under
three different conditions.

Freeewalking pre: the subject walked for ten minutes
without wearing the exoskeleton in order to measine
baseline of kinematics and muscle activations.

Zero torque: The subject donned the exoskeleton on the
left leg and walked for ten minutes with the robontrolled
in transparent mode. This session was used toyvérd
effect of wearing the exoskeleton on the user katérs and
muscle activation. Moreover, it allowed the useb&zome
familiar with the pelvis brace and the leg attachtrigefore
the actual assistance trial took place.

Assisted condition: After ten minutes from the beginning
of the zero-torque condition, the controller automatically
started providing the assistive torque. For safetsson,
subjects were verbally warned thirty seconds bettogeonset
of the assistance by the experimenter. The desinesl of
assistance for the trial was controlled by settimgSupport
% command (see Fig. 2) to 50%, which corresponds to
providing the user with half the total torque reqdito walk
at the current cadence, as extracted by the Wintataset
and computed online using the bi-dimensional LUhe T
assisted condition lasted 30 minutes. After this period, the
Support % was set again to zero by the controller, the
treadmill was stopped by the experimenter, and uber
doffed the exoskeleton.

Free-walking post: After resting, a free-walking post-
assisted condition lasting five minutes was testederify
any possible alteration of the baseline valuesrdsambat the
beginning of the experimental session.

In order to appropriately compare the four différested
conditions, we considered only the last minute athe
sequence in the data analysis. We then averagedhtlable
of interest taking into account the complete sgigeside the
last minute. Averaged hip, knee and ankle joinjettaries
are shown in Fig. 3 for both subjects. This figest®ws a
significant alteration of the hip trajectories inetassisted
condition. Specifically, we recorded a shift of the angle
trajectory in flexion and a reduction of the moverne
amplitude. The ankle seems to be minimally affedtgdhe
different tested conditions, while the knee profitesents an
alteration between 30% and 50% of the stride pemddch
indicates a more flexed posture during stance pt&tseting
from raw EMG signals, linear envelopes have beenpeted
by full-wave rectification of the band-passed sig@&" order
Butterworth filter, cut-off 10-500Hz) and then Iqvass
filtering (2" order Butterworth, cut-off 4 Hz). Fig. 4 shows
the averaged EMG envelopes of Gastrocnemius Mediali
(GM) and Rectus Femoris (RF) for the last minutecsath
condition. RF activation is greatly reduced in thesisted
condition (black line, Fig. 4), between 50% and 80% of the
gait cycle, which corresponds to late stance amly saing
phases. The RF peak assisted condition is reduced with
respect tofree walking condition by 35.1% and 36.5% for
subject 1 and subject 2 respectively. GM activatien
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reduced as well, between 20% and 60% of stridegdiie.,
stance phase). In tlassisted condition, the peak of the GM
envelope is reduced with respect to fitee walking condition
by 29.4% for subject 1 and 29.1% for subject 2.

IV. DISCUSSION

The alteration of the joint trajectories resultiingm the
assistance is not surprising and is coherent \eihlts found
in [3][4]. Conversely, we found a completely novesult in
terms of muscle activation. Our protocol providesigtance
at the hip joint only, nonetheless we found a clEMG
reduction on both the RF (i.e. hip flexor) and &M (i.e.
ankle plantar-flexor). To the best of our knowledlgis is the
first time that such a relationship has been fowldd.believe
that this result could be attributed to the strateged by
humans at the joint and muscle levels to suppathibdy
weight and propel the body mass during walking. eRéc
studies demonstrate the existence of at least
concomitant strategies that can be used by humdmen w
Walklng [15][16]: (1)ank|e strategy i.e. push off of the ankle
joint prior to the swing start of the ipsilateragt (2) hip
flexor strategy i.e. pulling the ipsilateral limb into swing; (3)

hip extensor strategy i.e. contracting the hip extensors to

posteriorly rotate the pelvis and help the conteadd limb
progression. A tradeoff between these strategiesiseo be
used by the CNS to produce stable and effectivekingl
[16]. A pathological condition (e.g. diabetes, dtis) can
alter the physiological equilibrium towards one thiese
concurrent strategies [17][18]. Importantly, thisldnce can
also be altered voluntarily, for example by insting a
healthy subject to exaggerdbe ankle push-off [19]. The hip
assistance could have altered the normal equitibofithese
strategies by reducing the need for ankle pushTaifs could
explain the lower level of activation of the GM, il is
responsible for the ankle plantar flexion thatumtproduces
the so-called push-off. These findings have a gtrefevance
for the design of assistive exoskeletons. Fromresults, we
can hypothesize that an external assistance (sacthe
external torque provided by a powered exoskeletanjid
alter the physiological equilibrium by making oné the
walking strategies more convenient than the othiérthis
happened, a different activation pattern shouldrgmelso
for the muscles that do not directly power the tjdgimat is
assisted by the robot. In our case, assisting ipefléxion
resulted in lesankie strategy, thus lowering the activation of

the shank muscles. Another important outcome of tH&!

experiment is about the method we used to genehate
assistive torque profile. Our hypothesis was that lower
accuracy of the torque estimate based on Wint@rsainal

profile would have not compromised the effectiveness ef th15]

exoskeleton in reducing the user effort. Experirakergsults
seem to confirm this hypothesis. This representslear
simplification, and then an advantage for the desij
assistive exoskeletons.

V. CONCLUSION

Our assistive method does not require any additiona

sensor for the robot or the user, it is computatign
efficient, and does not need any calibration. Hoesé
reasons it could be used outside laboratorieseatworld
scenarios, where powered exoskeletons are expeoted

thrigg

provide the most benefit for users. As a resulthef motor
adaptation to the hip assistance, a marked reduciicdhe

hip flexor (i.e. Rectus Femoris) and the ankle taefiexor

(i.e. Gastrocnemious Medialis) emerge. This resattonly

proves the effectiveness of the proposed controifer
reducing the walking effort but also suggests that CNS
could adapt in order to redistribute the hip aasist on both
the hip and ankle joint. Future works will aim test the
controller on a larger number of subjects as welcaverify

the effect of the assistance on all the main masolethe

lower limb.
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