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ABSTRACT

This paper describe the mechanical and controésystesign of a 10 DOF (Degrees Of Freedom) loweindi exoskeleton
for gait rehabilitation of patients with gait dysfttion. The system has 4 double-acting rod pnewenzatiuators (two for
each leg), that controls the hip and knee jointstidh of each cylinder’s piston is controlled byotwressure proportional
valves, connected to both cylinder chambers. Threupmtic actuators are controlled by proportionakpure valves. The
control strategy has been specifically designedrder to ensure a proper position control guidiagjgmt’s legs along a
fixed reference gait pattern. For this purposesziFuzontroller with additional force compensator wdsveloped. A

numerical solution of the inverse kinematics prablbased on video image analysis has been usedcdriller was

successively implemented and tested on embeddédimeaPC104 system. Laboratory experiments withpatient are

carried out and the results are reported and disclis
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INTRODUCTION rehabilitation of patients with locomotor dysfurets in the
lower extremities. Clinical studies have confirméuat

Intensive training and exercise may enhance metwovwery individuals who receive bodyweight supported tredldm
or even restore motor function in people sufferingm training following stroke [3], [4] and spinal comdjury [5]-

neurological injuries, such as spinal cord injuBC() and [7] demonstrate improved electromyographic (EMG)
stroke. Repetitive practice strengthens neural ections activity during locomotion [8], walk more symmetulty
involved in a motor task through reinforcement théag, [9], are able to bear more weight on their legs. BW
and therefore enables the patients a faster andrbet involves practice of stepping on a motorizeghdmill while
learning of the locomotion (walking). Practice isosh unloading a percentage of a person's body weiging a
effective when it is task-specific [1],[2]. special suspension system. Manual assistance, Zrom3

Thus, rehabilitation after neurological injury shkbu physiotherapists, is provideds necessary to promote
emphasize repetitive, task-specific practice thatnmtes upright posture and lower-extremity trajectoriesoasated
active neuromuscular recruitment in order to mazéni with normal human gait. For therapists this tragnis labor-
motor recovery. Body-weight—supportégadmill training intensive; therefore, training sessions tend to shert
(BWSTT) is an emerging rehabilitation techniqfar gait because of the physical demands on the therapvbsish
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may limit the full potential of the treatment. Alsmanually
assisted treadmill training lacks repeatability arojective
measures of patient performance and progress.

simplicity of design and implementation, and thus
significantly reduces the time required to develop entire
system [16]. Also fuzzy control has been demonetrab

A promising solution for assisting patients duringorovide highly satisfactory results in terms of @ecy,

rehabilitation process is to design exoskeletonicgsv It
has already been shown that robot-assistive deciarshe
very helpful in training individuals to regain thewvalking
ability following incomplete spinal cord injury [1.0

In the general setting of these robotic systentbgeapist
is still responsible for the nonphysical interaoti@nd
observation of the patient by maintaining a supsemi role
of the training, while the robot carries out thetuat
physical interaction with the patient.
Several groups are working on development of eXeskle
devices for “gait training”.
exoskeleton that can drive hip and knee flexioough the
four rotary joints driven by dc motors via precisiball

repeatability and insensitivity to changes in ofiatg
conditions [16].

This paper describes mechanical and control system
design of the lower limbs exoskeleton for gait tsli@tion.
Design choices for realization of the prototype are
presented, the control architecture is describedl an
experimental results, obtained without patient,reported.

The evaluation of the system design and the prapose
control architecture is foreseen in three expertalgrhases:
experiments without patient, experiments with vidum

Lokomat is a motorizedhealthy patients and finally tests on disable pesso

EXOSKELETON STRUCTURE

screws [11]. Mechanized Gait Trainer (MGT) is a one

degree-of-freedom powered machine that moves ermidati
legs in a gait-like pattern by driving two foot tda

Designing an exoskeleton device for functionalnirzg
of lower limbs is a very challenging task. From an

connected to a double crank and rocker system ithat engineering perspective, the designs must be fiexib
actuated by a motor via a planetary gear systenj. [12llow both upper and lower body motions, once gesihs

AutoAmbulator is a rehabilitation machine for theglto
assist individuals with stroke and spinal cord iiigs. PAM
is a device that can assist the pelvic motion dusitepping
using BWST, and it's used in combination with POGkRe
pneumatically operated gait orthosis [13]. Mostthése
devices are using electric motors as actuators.

The rehabilitation robot system presented in thiskwis
developed in the Laboratory of Applied Mechanics
DIMEG of University of L’Aquila and is pneumaticsll
actuated. The pneumatic actuators have been adivptied
work as an alternative solution to the widely usdectric
motors, due to their large power output at a neddyi low

cost. They are also clean, easy to work with, and

lightweight. Moreover, the choice of adopting thepmatic
actuators to actuate the joints is biologicallypinsd. They

provide linear movements, and are actuated in both

directions, so the articulation structures do remuire the
typical antagonistic scheme proper of the bioldgimiats.

in the exoskeleton, since walking involves syndogiween
upper and lower body motions. It must be also étlig
weight, easy wearable and must guarantee comfait an
safety. From a neuro-motor perspective, an exotkele
must be adjustable to anatomical parameters objeci

at

Fig.1. DOFs of the exoskeleton

However, pneumatic systems exhibit highly non-lmea considering these characteristics an exoskeletantste

behaviors which are associated with the compréggiloif

air, the complexity of friction presence and thalimearity
of valves [14]-[15]. Because of all these charasties, it is
very difficult to successfully apply the classicebntrol

theory on pneumatic systems. It is relatively easieuse a
fuzzy logic control, even though there are diffi@d in
designing a fuzzy controller and determining itsapaeters
by trial and test.

with 10 rotational DOF was studied and realized. An
optimal set of DOF was chosen after studying ttexdture
on gait, and in order to allow for subject to walbrmally
and safely in the device.

The degrees of freedom, all rotational, are: thelmer 1
with axis perpendicular to the front, the number8 and 4
with axes perpendicular to the sagittal plane,rttmber 5
with axis perpendicular to the ground; of theseyddDF 2

Applying fuzzy control to a continuous pneumaticang 3 are motorized (Fig.1). The robot moves in lprto

positioning system is particularly advantageouseims of

the skeleton of the patient, so that no additidb@F or
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motion ranges are needed to follow the patient anofi he
mechanical structure of the shapes and the dimensibthe
parts composing the exoskeleton are human insgret
have an ergonomic design.

The inferior limbs of the exoskeleton are made tip o

three links corresponding to the thighbone, thetstme and
the foot. The thighbone link is 463 mm long and hasass
of 0.5 kg and the shinbone link is 449 mm long &ad a
mass of 0.44 kg.

The prototype structure is adjustable to the ptiamich
are tall from 175 cm up to 190 cm without any fimichl
problems (Fig. 2a, 2b). For better wearability dife t
exoskeleton an adjustable connection between treetcof
polyethylene (worn by the patient) and the horiabmbd
placed at the pelvis level
exoskeleton structure up for only 25 mm, the distan
between the centre of the knee joint and the \@rtiges of
the hip articulation, is reduced to 148 mm (Fig,2ehile
the corset remains in the same position.

Subject height:l 880 mm  Subject height:1 750 mm  Subject height:1750mm
with requlation of 25 mm

25

b
Fig.2. Adjustability of the realized prototype

In order to realize a prototype with anthropomocphi
structure that will follow the natural shape of theman’'s
lower limbs, the orientation and position of therfan leg
segments were analyzed.
inclination, the angle formed by the vertical aaisd a leg
rod is 2.6°, observed in frontal plane (Fig.3). Tigination
of 1.1° was choosen for the stand position, whiteen1.5°
are given by a lateral displacement of 30 mm, when
banking movement occurs.

In this way the ankle joint is a little bit moveowards the
interior side with respect to the hip joint, follmg the
natural profile of the inferior limbs in which thfemur is
slightly oblique and form an angle of 9° with thertical
while for the total leg this angle is reduced to Bfie other
actuator which moves the knee joint is connectdidwehe
shinbone and has a rod stroke of 160 mm.

Both actuators are with bore diameter of 32 mmabépto
provide force of about 700 N under a supply pressdi0.9
MPa coming by the external compressor (Fig.4).Thé&on
of each cylinder’s piston (i.e. supply and discleaod both
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is provided. Moving the

cylinder chambers) is controlled by two pressure

proportional valves (SMC-ITV 1051-312CS3-Q), corteelc

to both cylinder chambers.
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Positioning of the exoskeleton shinbone tighbone link, realized
following the human leg position

158

Fig.3.

- 4
Fig.4. Mechanical structure of the exoskeleton wpitleumatic actuators

The selection of the valve was due to the primary
calculations for air flow through the valve. Eachlve

In the case of maximugantrols only one chamber of the actuator, theesftre

calculations of the air flow is made only in oneapé of the
actuators cycle. Simulations done in Working Mo@é&l
software showed that the outgoing speed of a pi6ipris
50 mm/s, which occurs during the pre-swing phas¢hef
walking cycle when a force of about 700 N is regdirAs
said before this force will be provided by a cyknd
chamber’s pressure of 0.9 MPa (relative).

The selected valve model satisfies these requirtsnen
The exoskeleton structure also has to guarantesafieéy of
the patient. As the joins motions of the robot dike
correspond with that of a patient, it was relatvehsy to
implement the mechanical safety limits (physicabps),
which are placed on extreme ends of the allowedeaf
motion of each DOF. For hip and knee joints in shgittal
plane, the stops can withstand the maximum torfjaethe
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actuators can apply. The structure of the exoskelés
realized in aluminum which ensures a light weight a
good resistance.

In order to calculate the mechanical
exoskeleton components are imported in Visual Mastr
where Finite Element Analysis (FEA) was done.

The stresses measured (Von Mises stresses) are well

below the yield strength of aluminum 6082 T&, & 200
MPa) chosen as the material
exoskeleton.

Hip and knee angles, of our rehabilitation systemg
acquired with the rotational potentiometers.

The overall exoskeleton structure is positioned an
treadmill and supported, at the pelvis level, witlspace
guide mechanism that allows vertical
movements. Space guide mechanism is connectedtivéth
chassis equipped with a weight balance system5)-ig.

Fig. 5. Realized prototype of the overall rehaatlidn system
KINEMATIC AND STATIC ANALYSIS

In the present section, the joints excursions hasen
analyzed for each articulation, making particulderion to
the related actuators extensions and the forcgshthee to
provide in order to move the articulations.

A. Knee articulation

In order to characterize the joint kinetic behayiibris
useful to analyze the actuator force necessaryptmteract
the gravitational load acting on the shinbone aeoftenass,
varying the knee joint angular position.
articulation realized has only one DOF and thusisit
actuated by only one pneumatic actuator as it easelen on
Fig.4. The knee articulation scheme is shown orthea.

The p segment represents the pneumatic actuatereas
the knee angle position is indicated by éhengle.
The direct kinematic problem is easy to solve. Ifiea
words, the process calculates the actuator lengite o
known the rotation angle
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Fig. 6. a) Knee articulation scheme and b) fregylidgram of the
shinbone

The equations (1) show this process, considerirgy th
geometrical structure and the connections betwééareht
components.

I '
=cos(————
y ( e )

2,2 _ 42 1
O(:COS_l(t+e &y 1)
2te

0=m-0-y-a
p=+€ +d*- Z2dcosd

After the calculation of the actuators length p #inglep
can be easily deduced as in (3):

esind

[ =sin™( ) (2)

Fsact represents the force supplied by the shinbone
pneumatic actuator, whereas the arrow indicatedViy
shows the opponent force caused by the gravityisMhe
approximate sum of the mass of the shinbone andotte
applied in the center of mass of the shinbone. \eg the
segment d represents the arm of the cylinder force.

From a simple torque balance with respect to thetpg

The knegig. 6b, the relation betweensk and the knee angular

position® is derived as in (3).

— M SgLKGs COS@) 3
Sact — . ( )
dsin(B)
From (1), (2) and (3) it can be seen that the fergeplied
by the shinbone pneumatic actuator can be expressed
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function of the6 angle, obtained by the knee rotational From a simple torque balance Fig. 7b, thg.Fvalue
potentiometer. depending of the hip angular position is derivedudion
(6) shows the relation found for the hip articidati
B. Hip articulation
As the knee articulation also the hip articulatimnour M. gL, Sing
prototype has only one DOF and thus is actuatedriy Fract :W

one pneumatic actuator as it can be seen on Hig& hip ) .
articulation scheme is shown on the Fig.7a. From (.4)' (5) and (6) it can be seen that the fetgeplied
Analyzing the hip articulation torque, one can cohee by the thlg_hbone pneumatic act_uator also can beees_pd
that the rod of the thighbone pneumatic actuator a fgnctlon of th® angle obtained by the hip rotational
connected to the segment ¢ placed upon the thighbdon potentlometgr. . .
particular, the segment b in this case, repregptarm on So, an.alyt|c relations between the forces provﬂdyedhe
which the hip joint force acts. pneumatic a(_:tuato_rs and the torques needed to_thevlmp
and knee articulations have been found. In pagicuh our
case it is useful to analyze the forces necessargunteract

(6)

a) SR =AY o . . .
Y Zjﬁ; ;:':'i the gravitational load acting on the thighbone ahithbone
P T8 y=BHK center of mass, v_ar_ying th_e join_ts angular posjtkm:aqse
p=ABH it offers the possibility of inserting a further rmpensation

step in the control architecture in order to conga¢e the
............ X influence of the torques during the movement.

INVERSE KINEMATIC PROBLEM

To analyze the human walking, a camera based motion
captured system was used. Motion capturing of dtthea
subject walking on the treadmill, was done with eigeo
camera placed with optical axis perpendicular speet of
the sagittal plane of the gait motion. The subjbed
markers mounted on hip, knee and ankle. An objettt w

Fig. 7. a) Hip articulation scheme and b) free bdiggram of the known dimensions (grid) was placed inside the fiigni
thighbone zone, and it was used like reference to transfone t
measurement from pixel to the distance measurenmaht

The kinematic problem for this actuator, i.e. thegess The video was taken with the resolution of 25 frsme
that calculates the actuator length knowing theation The recorded video was post-processed and kinesnatic
angleo, is described with (4). parameters of limbs' characteristic points (hiped&nand
For a certain actuator length p, the anglean be easily ankle) were extracted.

deduced as in (5).7k indicates the force supplied by the  after that, the obtained trajectory was used tokesthe
thighbone pneumatic actuator, whereas the arroveatet] problem of inverse kinematics of the lower limb

by Mrg shows the opponent force caused by the gravity. Mehabilitation system. The inverse kinematic probleas

is the approximate sum of the weights of the that® yesolved in numerical way, with the help of Workikgdel
shinbone and the foot applied in the center of nudshe 2p software. By the means of this software the efrg

thighbone. trajectory, which should be performed by each of th

- cos’\( b>+L,.°-c ) actuators, was determined.
y 2bL, o
_ 4) FUZZY CONTROLLER
o=T1-y-a-6
p= JaZ +b? - 2abcoso Fuzzy logic is basically a rule-based operation,"iin
<condition> then <operation>". Compared with the
traditional rule-based method, the condition anérafion
. are fuzzy descriptions in a fuzzy controller. Thte
ﬂ:sin’l(m) (5) measured information is interpreted to fuzzy desiomns
p through the membership function. The output corgighal
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is calculated from the operation by a defuzzificati
processing. Fuzzy control emulates human contrategy,
and its principle is easy to understand.

The state variables of the pneumatic fuzzy corgystem
are: the actuator length error E, which is the irgignal and
two output control signals L4, and U, Which are control
voltages of the valves connected to the rear chaabé
front chamber respectively.

Actuator length error in the system is given by:

E(KT) = R(KT) — L(KT) 7
where, R(KT) is the target displacement, L(kT)he actual
measured displacement, and T is the sampling time.

Based on this error the output voltage, that cdsttioe
pressure in both chambers of the cylinders, issaelfl

Seven linguistic values non-uniformly distributelbrey

Rule n ° E ANT POS
1 PL PL NL
2 PM PM NM
3 PS PS NS
4 Z Z Z
5 NS NS PS
6 NM NM PM
7 NL NL PL

Table 1 Rule matrix of fuzzy controller
CONTROL ARCHITECTURE

The overall control architecture is presented oe th
Fig.11. In particular, it is based on fuzzy logigntrollers
which aim to regulate the lengths of thighbone sinidbone
pneumatic actuators, described-uzzy controlleiSection.

The force compensators are calculating the forces

their universe of discourse have been defined fQfecessary to counteract the gravitational loachgatin the

input/output variables (negative large-NL, negativedium-
NM, negative small-NS, zero-Z, positive small-P8sifive

thighbone and shinbone center of mass, varyingdims
angular position.

medium-PM, and positive large-PL). For this study Target pneumatic actuators lengths obtained byfirof-

trapezoidal and triangular-shaped fuzzy sets aosesh for
input variable and singleton fuzzy sets for out@riables.

The membership functions were optimized startiogifa
first, perfectly symmetrical set. Optimization waerformed
experimentally by trial and test with different mesanship
function sets. The membership functions that giggnaum
results are illustrated in Figs. 8, 9 and 10.

The rules of the fuzzy algorithm are shown in Tdlilea
matrix format. The max-min algorithm is applied arehter
of gravity (CoG) method is used for deffuzzify aodobtain
an accurate control signal.

Since the working area of cylinders is overlappitig
same fuzzy controller is used for both of them.

NL NM NS Z PS PM PL

XWX

B S 0% 0 & 160

1

o
-160

Fig. 8. Membership functions of input variable E
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Fig. 9. Membership functions of output variable dsfr
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Fig. 10. Membership functions of output variableah
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procedure described in thinverse kinematic problem
Section were placed in the input data module. s Way
there is no necessity of real-time calculationt tnverse
kinematics and the complexity of the overall cohtro
algorithm is very low.

The feedback information is represented by thedng
knee joint working angles and the cylinder lengths,
calculated according to (2) and (5).

Fuzzy Controller
for thighbone and
shinbone

Target
actuators
lengths

M if

Force
compensator
module

Joints - actuators
inverse kinematic
module

Fig. 11. Control architecture diagram

The global control algorithm runs inside an embeldde
PC104, which represents the system supervisor P4
is based on Athena board from Diamond Systems, ne#h
time Windows CE.Net operating system, which uses th
RAM based file system. The Athena board combines th
low-power Pentium-lll class VIA Eden processor (rng
at 400 MHz) with on-board 128 MB RAM memory, 4 USB
ports, 4 serial ports, and a 16-bit low-noise datquisition
circuit, into a new compact form factor measurimyat.2"
x 4.5". The data acquisition circuit provides higgeuracy;
stable 16-bit A/D performance with 100 KHz sampdger
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wide input voltage capability up to +/- 10V, and Fig.12 and Fig.13 show the target and experimegntall
programmable input ranges. It includes 4 12-bit D/Abtained stroke for thighbone and shinbone actsator
channels, 24 programmable digital I/O lines, and twrespectively.
programmable counter/timers. A/D operation is ecbkdrby As it can be observed from the graphs, the cylimder
on-board FIFO  with interrupt-based transferstracked the target trajectory well with the maxoeinf 5mm
internal/external A/D triggering, and on-board A#ample for the thighbone actuator, and 6mm for the shiebon
rate clock. actuator, which is accurate enough for the degiagose.
The PC 104 is directly connected to each rotation&esults for the target and experimental ankle joint
potentiometer and valves placed onboard the robot. trajectory, for one cycle, with and without implemte&tion
In order to decrease the computational load and td the force compensator, are shown in Fig.14.
increase the real-time performances of the comliggrithm From the graph we can observe that there is sogmifi
the whole fuzzy controller was substituted withasthtable improvement of the gait trajectory when a force
with interpolated values and loaded in the opegatiemory compensator is used.

of the PC104. During the gait training one of the most importgoals
to achieve is path repeatability. In order to tés& path
EXPERIMENTAL RESULTS repeatability, 1SO 9283 standard was used. Accgrdmn

this standard path repeatability expresses theeotss of
To evaluate the performance of the exoskeletorctstrer the agreement between the attained paths for thee sa
together with the proposed control architectureegixpental command path followed n times in the same directitath

tests without patients were performed. repeatability is expressed by RTp-the maximum Rallgch
The experiments were conducted with a sampling equal to the radius of a circle in the normaingl and with
frequency of 10 Hz, and a pressure of 0.6 MPa. its centre on the barycentre line (Fig. 15).
The movement was natural and smooth while the limb
H Normal plane to arycentre G
moves along the target trajectory. Pl g \ Bary
at X ,Ye ,Zc,\\\ S,
150 | e " | j-th attained path
140 |— 2\ ral / i
E ol /| 7\ /) 7\ 7\ Command path
€ ll | /1 /| /1 /1 5
2 \ S SN N N A !
o I = S
0O 2 4 6 8 1012131517 IQ‘I:EZ;Z)ZS 27 29 31 33 35 37 39 41 43 45 47 49 N
Fig. 12. Target and experimentally obtained thigieactuator stroke <
during the gait cycle ¥
Fig. 15. Target and experimentally obtained thigi@ctuator length
\ e imental oitamed cylinder stroke | during the gait cycle (RT represent repeatabiliy; represents the
; A A A : barycentre of a cluster of attained posesi, X and % are the
— e — I — coordinates of théth point of the command path; ;XY and 7 are the
o il il il e coordinates of the intersectipith attained path and tli¢h normal plane)
] 7 W} 7 7
i " i i i
: ; The path repeatability is calculated as follow:
0O 2 4 6 8 1012131517 19“§1162(z)25 27 29 31 33 3537 3941 4345 47 49
Fig. 13. Target and experimentally obtained shimbactuator stroke RT =maxRT. = max[ + 3&] S i=1.m (8)
during the gait cycle p pi ! e
where:
o Join: trajoctory without force companaator 1
S Ii - Z I ij (9)
£ ¢ = n=
b4
SO S DS D O DD S DS S S S S
lenathgmm
Fig. 14. Ankle joint trajectory (target, experimahtithout force i

compensator and experimental with force compensator
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