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Abstract

Stroke is one afop leading causes of death the world and ithappens tomore than 15
million people yearly. According to the National Stroke Association of Malaysia (NASAM),
stroke is the third leading cause of deathNalaysia with around 40,000 cases reported
annually. Forty percent of stroke survivors suffer from movemeirhpairments after
stroke. My grandfather was one of the victims and he was unable to attend any
rehabilitation sessions due to several reasons. Hence, he lost the golden time to regain
his movement and freedom. There are addsimilar casethat happendaily in Malaysia.
Besides, sithe number of stroke patieniacreagsyealy, the need ér physiotherapists

or rehabilitation machinesqually increasesHence, a lovcost clinical rehabilitation
device is essential to provide assistance for an effectarebilitation program and
substitute the conventional methqds well as to reduce the burden of physiotherapists.

In future, the proposed rehabilitation deviaeould benefit not only stroke patients, but

any patients who lost their normal walking abjliincluding postccident patients or
those who suffer from spinal cord injury. The rehabilitation device aims to provide
training assistance to patients not only in rehabilitation centres but also at home for daily

training.

The robotic orthosis is plama to be configured based on moving joint angles of human
lower extremities In the first stage of this research, anglme characteristics for knee
and hip swinging motion are utilised as a sagittal motion reference forahabilitation
devices The amn of following a proper gait cycle during rehabilitation training is to train
patients to perform standing and swinging phases at proper timing and simultaneously
provide the correct position reference to the patient during rehabilitation training. This
can prevent patients from walkingbnormallywith an asymmetric gait cycle along or after
the rehabilitation programBesdes, various limitations and the bulky structure of other

rehabilitation devices lead to the design of the tlwok lower limb rehabiliation device.

This projectaims to develop an assistive robotic rehabilitation devibat generates a

human gait trajectory for hemiplegic stroke patient gait rehabilitationfuture. The



shortcomings of other control applications due to environmentanditions and
disturbances lead to the implementation of the describing function approach in the
development of the device® sinusoidalnput describing function (SIDF) approaghs
implemented to linearize the nonlinear robotic orthosigh linear transfer function. The
reason for utilising the SIDF approach is due to the nonlinear actual plant model with the
present of load torque disturbances, discontinuous nonlinearities such as saturation and
backlash, and also multivariable in the systd&iine nonlinear properties of the plant were
proven in the preliminary stage of the research. A conventional controllercéibol
combined with position and trajectolipputswere also applied to the systeim the early
stage of researciHowever, the exprimental resultsvere not satisfying. Finally, the SIDF
approach was chosen to linearize the nonlinear system. Hence, generating a controller is

much easier with a linear model of the nonlinear system.

A SIDFapproach was implemented to generate a conther for the multivariable,
nonlinear closed loop system. FirstlgetSIDRpproach enables the determination of the
linear function of the nonlinear model known as the SIDF model. By utilising the linear
model to mimic the behaviour of the nonlinear rdbiltation system, the controller for

the nonlinear plant was able to be generated. In this research a controller based on linear
control theory technique was used. The MATLAB library was used to design tHadead

controller for the rehabilitation device

Varioussimulations such as step responses, tracking and decoupling of both links were
performed on the generated controllavith the nonlinear modeto studythe capability

of the controller. Besles that, realife experiment testingvascarried out to validate the
feasibility of the controller designed via the SIDF appro&amnulation and experimental
results were obtained comparedand discussedThe highly accurate responses gained
from expermental setup showed the robustness of the controller generated via SIDF
approach.The implementation of the SIDF approach in a rehabilitation device (vertical

two-link manipulator) is a first and hence, fulfils a novelty requirement for this research.
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Chapter 1introduction

1.1 Background

1.1.1Stroke
Stroke (cerebrovascular accidents) is a kind of brain injury whialso known as a sudden defeat of

brain function. It can happen to anyora any time and can becategorizedinto ischemic strokeor
hemiplegicstroke. Ischemic stroke happens due to taek ofblood flow to the brain whildnemiplegic
stroke occurs due to the damage of blood vessels in the HidirBrain cells of the affected area will
begin to die within minutes due tthe lack of oxygen and nutrients supplied. This eventually leads to
brain damage, losses of ability in perfongiactivities of daily living (ADL) conteal by the particular
region of brain or it may alsocause sudden death. However, the impact thie stroke patient is
dependent on how sevehgthe brain was damaged. For instaneepatient following a minor strke
might face problems such abortterm weakness of arm or le@yleanwhile,a patient who hada major

stroke might result in longerm paralsison one side of the body or lose their speaking abjiiy[3].

1.1.1.1Statistics of Stroke in Malaysia and Worldwide
According to the statistics published by the World Health Organiz@#dO) there are approximately

15 million peoplenvho suffer from stroke every year. There areeothird ofstroke patientsn the world
who passed awagnd another one thirdvho suffer from permanent disabilit}8]. Globally, strokes the
second ¢adng cause ofleath and the third leaithg causef disability[4]. In Malaysia, stroke is the third
leading cause of death. Accorditgthe National Stroke Association of Malay$NMASAN, there are
about 40,000 patients suffering from stroke each yeddased orthe analysis of collected datthe

number of stroke patiets increase by six every houj3], [5].

1.1.2.1Stroke Survival RatesMalaysia
Table 1shows the stroke survival rate published by Ramsay Sime Darby HealthA€at®sown in the

table, there are about 40% of survivors who recover with severe impairments thatatfeeir daily life.
Most of them are likely to suffer from motor impairment suchragscle weakness, gait impairment,
longterm disability, or total paralys following a strokeLimitation of muscle movements of face, arm
and leg of one side of the bodyothered around 80% of stroke victims and lead to limitation in the

activity of daily living (ADL) and mobil[B], [6]. Besides that, most of the victingge not able to walk
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with their original speed post strokg]. Impairmentin mobility of patients would increase the family
burden.As a result, physical therapy including rehabilitation mostly emphasise on recovery of motor

impairment and the interrelated functions to help the victims to regain walking ability randcle

movements[6].
Tablel Table of stroke survival rat¢3]
Recovery fate Percentage (%)
Completely recover 10
Recover with minor impairments 25

Recover with moderate to severe impairments with special care requir| 40

Require longerm care facility or nursing home 10

Die shortly after stroke 15

1.1.2Exgskeleton and Active Orthosis

ly SE241StSG2y Aada RSTFAYSR lFa daly | OGAGBS YSOKIF YA
It carries the meaning of a mechanical device which can be fitted nicely to the operator and provide
them with grength or facilitate their movements to complete a task that is difficult to be done by normal
KdzYlty adzOK Fa OFNNERBAYy3 | KSIF@ge t2FR gKAES NUzyyA
is defined as a device that enhance the performance&koft 2 LISNJ 62 NE ¢gKAf S GKS
usually used to describe devictsat assist the ambulatory movements of a person who suffers from
walking disabilityFigure 1 shows the example of exoskeletons: gerdmitricQd | F NRAYS Yy |y
exoskéeton and the example of active orthosis: Michigan ankle orthoses and MIT activéiawéver,

y26l RFeazr GKS (SN aSE2a1StSiz2yé¢ Aa faz2 [@zaSR

Hence, both terms are applicable to describe assistive devices for lower extremities.
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@) (b) (€) (d)

Figurel Exoskeletora)D Sy SNJ £ 9 f S Qh) M- eRaskelbtdmNdaativeloghosisc) Michigan ankle orthoses, and d) MIT
active AF@8].

1.1.2.1History ofExoskeletorand Robotic Orthosis
Early research on exoskeletons were mostly conceptual studies that never left &detaibrd on the

work done. The firstecordedS E2 & { St S 2y A a(Figute 2()fesiclodlzy Y.3. Palents A R

in 1890. It was initially built to enhandlee running and jumping ahe Russian Army. However, there is

no successful record found fdiis device[8], [9]. In the year of 1963, a detad NS LJ2 NIi  &dF & LJz
orthopaedicd dzLJLJ SYSy (¢ 61 & LJzof AAKSR 060& %I NRP2RYB. 2F
This pneumatic powered prototype device was aimed to perform as a-daay exoskeleton for
operators such asa sodier. However, due to some unknown difficulties faced by the researchers and

funding issus, the research was later terminat¢@l.

After a few years, during the late 1960s, Hardiman (Human Augmentation Research and Development
Investigation)[11], a fullbody powered exoskeleton prototype was developedthy General Electric
Researclof Schenectady, New York in cooperation with Cornell Universityheenporoject wadinancially
supported by the U.S. Office of Naval Reseatdhrdiman was aimedo A Yy ONB I &S |y 2L
performance by about 25 times. According to the recadatisfatory result was obtained for arm
amplifying, but some problems were encountered for lower limb components amd mever resolved.

In the middle of 1980s, a paper released by Jeffrey Moore introduced an exoskdbgtoan with the

purpose of augmentindie ability of soldiesduring operatiors[12]. However, this paper did not provide
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details of practical implementation and other issues such as power supply. This project wasdado en

due to a failure to secure fundirig].

In the early 21 century, a DARA exoskeleton program was establish&tie Exoskeleton for Human
Performance Augmentation (EHPp)ogram aimed to increase the abilities of ground soldiers to
complete tasks beyond human limitations. Three exoskeletons has been introduced over theqderiod

the EHPA program which included the Berkeley Exoskeleton (BLEEX) (Figure 2(b)ExSsketeton,

and MIT Exoskeletgj8], [13]. The end product of Sarc&oskeleton, called XOS Exoskeleton, could lift

a weight of 91 kg without any human effort. i$ldesign was finally chosen by DARPA and was awarded
gAUK (G0KS VI Yig robcE asavelldPoyfe ofvthe B0 Best Inventsari 2010 by Time Magazine
[14]¢[16]. The famous exoskeleton named HAL, which operates with-E?d€&d system to enhance a

S NBENRaA O02RAf & TFTdzyOlAzysz gl a Ffaz2z R$GSE 2LISR Ay

(@) (b)

Figure2 Exoskeletora), 3y Q& NMzyyAy 3 I AR R Sandd) Retkelay Exoskelefod(BLEENJOE Yy 1 & AY My
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Apart from exoskeletos developed to enhance the full body function of hunsathere were also
researches done on developing active orthosis which only included the lower limb performance of a user
or to provide certain active assistandée very firsiower limbactive orthoss was a U.S. patent in 1930.

This orthosigprimarilyfocuseson the motion at the knee with a torsional spring connected to a crank at
the hip and a set of cam and follower at theklejoint. Followingthat, in 1942, the first controllable
active orthosisvascreatedwith hydraulic actuators at the hip and knee jointherewasalso an early
invention of a lower limb passive device recorded in 1951 thdized springloaded pins to lock and

unlock the joint of the leg brace of the user in various gaitgrns|8].

Thereishistory recorad of lower limb exoskeletomworks by tke Mihailo Pupin Institute in the late 1960s
until 1970s A partial active exoskeleton was introduced and clinical experiments were ohoh@70to
demonstratethe effectiveness of this device in helping patiemith paraplegiato regain their walking
ability [8]. Besides that, a device hametroMoment Pointwhich focugson the control of bipedal
locomotion was first demonstrated in Japan in 19&Jontinuouswork was done onit by Prof.

Vukobratovis and Devon Juricic and the concept of ZMP was finally publish in the year [§]2[®3}.

TheUniversity of Wisconsin laa similar research to work on lower limb robotic device since 1968. The
universitywasactively working on an autonomous exoskeleton for paraplegia patient aitidraulic
power and pump that coverthe movement of the hipanKke, and knee. The Wisconsin exoskeleton
aimed to support the ability of gihg down, standng up and walking in a slow pace for the u$8}.
Since then, many other lower limb exoskeletons were dewedppnostly for patiens with various
degrees of paralysis in lower limb to help them in mobilization or gait trairib@j¢[21]. Table 2isthe
summarization of the discusséuistoricalexoskeletons and active orthosd®esearch contributions on

SE2418t8iG2y YR OGAQGS 2NIK2aAd LINEOARS I TF2dzyh
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Table2 Main function ofhistoricalexoskeleton andctive orthosis

Exoskeletornto enhance body functio

Name Main Function

3y Qa Ndzyy Ay 3 | Al Enhance running and jumping

5

Zaroodny powered orthopaedic load-carry exoskeleton

supplement

Hardiman y ONBI 4SS Fy 2LISNI G2NRa LIS

DARPA exoskeleton GComplete task that beyond humammitation

Berleley exoskeleton (BLEEX) Qupport a load of up to 75 kg while walking fast

Sarcos exoskeleton Support heavy loadpading with one leg standing, walkin
on mud

MIT exoskeleton Load carrying while walking

XOS roskeleton (EHPA program) Lift a weight of 91 kg without any human effort
HAL OYKIFIYyOS 4SINBNR o02RAf& To

Active Orthosisfor lower limb rehabilitation

Name Main Function

First lower limb orthosid{.S. patent | Focus on knee motion

Controllable active orthosis Lowerlimb passive device

Partial active exoskeleton Help patients regain walking ability

Zeromoment point Control bipedal locomotion

Wisconsin exoskeleton Support siting down, standngup and walking in slow
pace

1.1.2.2CurrentResearchon Exoskeleton
Based on the discussia@boutthe history of exoskeletoandrobotic orthosis as well dgerature review

sections exoskeletos and active devices are mostievelopedfor several aims includingo magnify
the ability of humars to complete certain tasksuch as running and carrying l@aahich mostly serve
military purpose andto help immobilized users to carry out daily activities and to provide rehabilitation

training for paralysed patients to regain walking abjli&y the sametime to reduce the burden of
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physiotherapistsThese devices are classifietb severaltypessuch adull body mobility devicedpwer
limb active devicedpot manipulatos, devices with body supportreadmill trainingdevices, and so gn
as illustrated in Figure.3However,some devicesre even equipped with more than one design and

characteristics. Detat characterization can be found in Talde

e

(@) (b) (c) (d) (e)
Figure3 Device classification: &)ll body mobility deviceb)lower limb active device, &)ot manipulator, ddevice with body suppart
and e)treadmill training devicR22]¢[25]

In the past decade, countledswer limb roboticdevicesare establisted for the purpose of helping
paralysed patients their daily Ives. Some of the devices were developed to ease patients in their daily
activitiessuch as standingndwalking, ando reducetheir body weight on the foot. Besides thakvdces
with various rehabilitation training functions wedesigred for stroke patient$o help them regain the
functions of their lower limbDifferent trainings provided by these exosgketons incluéd training of
muscle and strength, walkingosture and stability, proper walking patterand trajectory, adapting
patientwalking speedclimbing stairs or walking on slop@nd many moreVarious studiehave
proven the values ofehabiltation activedevices in activang the muscle pattern of bedridden stroke

patients, retraintheir normal gait cycle andltimately toachieve free walkingith assistancé25], [26]

The most gnificant active devices in rehabilitation training include, Lokomat, Gait Trainer, Gait Master,
Hybrid Assistive Limb (HAL), KineAsist, and LOPESEfectiveness of each deviceasconfirmed in
clinical reviewsTreadmill training devices such as Lok, Lokohelp, and ReoAmbulator are overall
safe to be used because partial body support is provided during rehabilitation training. Behides,

mechanism providestability to patients on the treadmitnd at the same time reduceefforts from
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physiotheNJ LIA A Ga® { GdzRASa aK2g LRAAIGAGS AYLI OO Ay O
treatment session25], [27], [28]

Active deviceshat make use of foot manipulatsrareable toa simulate proper walking pattern as a
reference during rehabilitation sessisaf patients.A g/nchronized wing phase and stanghase of gait
cycleof both legscan be demonstrated without fault. Patientse also able to carry out training with
various terrains simulatianwith the end effector ofthe foot manipulatos such as stairs climbing or
walking on slopeddence, foot marpulators can adjust distorted and desynchronized gait pattern during
rehabilitation training Many clinical studiesavebeen conducted and effectiveness of these devices are

proven([24], [25], [29], [30]

Mobile devices such as HAXlneAsistand Rewallare also popular for stroke rehabilitation and therapy.
There are small and easy to carry. Subjects or patients can move freely with these mobile devices without
FaaAadlryOSe {Syaz2zNa 6SNB AYLI SYSYGdSR G2 Nil O
motion. The drawbacks of mobile devices #re limited power supply with a portable battery and the
weight of suit actingon theuser. Howeverstudiesprovethat stroke patients experience improvement

in walking with the assistance of these dew{&l1]¢[33].

For the past decade, countless rolmotontrolsystemdor rehabilitation devicefiave been established
and are categorizedas impedancédasedcontrol, EMGbasal control, and alaptive-based controlThe
impedancebased controlaids assistancéorce whenthe limb deviates froma normal gait trajectory.

The EMGbased control provides feedback muscle signal of subjects to activate assistance &#om th
device. The major drawbacks of this control #nat the calibrationhasto be repeatedly done to suit
different patients and the sensitivities of electrode signals are easily affected by neigh¢powrscle
signals. Finallythe adaptivebased control ks the ability to adjust itself to handle uncertainties in the

system[34].

Apart from controlsystems various controktrategiessuch as sliding mode control and neural network
control are popular in robotic rehabilitation devices. Sliding mode congrpkovento be especially
suitable for the design of robust control for rehabilitation robowith nonlinearities, parameter
uncettainties and bounded input disturbances while neural network has many advantages such as simple

construction, parallel processing, and adaptive learniRgrameters of neural network could be
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estimated via learning algorithm with a data set to let it toatl&ith numerous uncertainties during

actual execution.

1.2 Motivation
Surviing stroke patientsoften experience gait impairments after recovery. Almoltsé&roke survier

attend rehabilitation session to restotheir motor performanceHowever, these approaches often lead

G2 GKS TFIGATIdzS 2F LKeaA20KSNI LAada a KSe NBf e

a stroke patient usually needs the help franore than three therapists to complete a set of gait training

[25]® | Sy OS: (GKS RdzN} GA2Yy YR LINRPINBaairzy 27F L

of the therapists themselvef/]. The rapid increase of stroke paiis also leads to the shortage of
GKSN)} LIAaGa Ay GKS O2dzyiNEB FyR OFdzaSa | IRFI G
Due to the factors mentioned above, innovative ideare neededio substitute the conventional
rehabilitation thelapies with robotic rehabilitation device® reduce the workload of physiotherapsst
[26].

In the past few decades, many rehabilitation devices were develdpestroke patientgo regaintheir
walking ability.Various control methods were established for raleacontrol of the devicesAlthough
there are advantages teach of the control method stated in previous sections, Jimenez sthtd
rehabilitation exercise witla desired trajectory is important in helping stroke patients to achieve full
recovery otheir lower limb motion and gesture hE trajectory approach is shown to be more effective
in activatng muscle recovery compaddo the fully assistive devid@6]. However, the contributions of
robotic control methods to stroke rehabilitation are still impreci®. Hence there is still space for
progression in improving the standard protocols and approadbesrd utilizing human lower rinb

trajectory patternto achieve a better outcome for lower limb rehabilitation

The ontrol system is commdw useal for controlling a robot. For the lower limb robotic orthosis, an
effective control system is important to perform precise functtorprovide the best rehabilitation for
patients. However, such devieenormally equiped with variousmanipulators,actuaiors and sensors

that contribute to the presene of nonlinearities, parameter uncertainties, and input disturbasice

0 A

Techniqgues such as neural network and sliding mode control are widely used in the recent decades for

anonlinear system. However, both ap@chesreceivebacklashes as the neural network require large
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memory and hard disk space during the design process wiglgliding mode contramustbe combined
with various control strategie® overcome the fundamental restriction @fnonlinear systemThus, a
new control scheme andbust control systenthat is able to improve the properties adn unstable

system of therobotic orthosis is the future direction for current researchers.

1.3Research Plan

1.3.1 Research Aim and Objectives
The aim of the research is to desigonamtroller for alower-limb robotic orthosis based on SIDF method.

The objectives of the proposed research include:

1 To develop a rehabilitation systetiat facilitates areffective rehabilitation program

1 To develomlower limb twolink manipulatorthat generates human gait trajectory

1 To implementsinusoidalinput describing function (SIDF) model to the robotic orthosis and

generate system controller for the nonlinear tWiok manipulator

1 To generate a new scheme of controller to incorporite the SIDF approach function library
1.3.1.1Development of RehabilitationSystemthat Facilitates arHfective RehabilitationProgram
The mainobjective of this researcis to develop a rehabilitadn devicefor stroke patients A more
effective rehabilitation training program for stroke patients is aimed to be implemented with a
rehabilitation system that provideappropriate lower limb walking training. Hendke biomechanics of
human walkings the keyto the development of an effective rehabilitation prograihe @mparison of
gait pattern data and gait cycle timing o& normal personand a stroke patientis important for the
development othe2 NI K 2 & A & ®rogtessioni ollRrdké fathedis to regain their walking abiiy
be accelerated with a more suitable rehabilitation prograf.better walking pattern and gait cycle
timing of post stroke patients can be achieved.
1.3.1.2Developmenbf a Lower Limb Two-link Manipulator toGenerateHumanGait Trajectory
This research also aims to create a #ivik manipulator that generates human gait trajectories. The
development of therehabilitation orthosisfocuses on the motion of hip andknee as both joint
movementsare in themajor plane of human walking kinematic modehe cevelopment of ankle motion

will be done in futureThe dfferent gait profiles betweena normal human and stroke patient will be

10
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computed.Additionally, the estalidhed device aims to generate accurate human gait trajectories of hip

and knee during rehabilitation training, to guide patients with a proper walking manner

1.3.1.3Implementation of SIDModel andGenerateSystemController
Next, SIDF methodto beimplemented to overcomsystem instabilityThe two-link manipulator hold

the properties of nonlinearities, parameter uncertainties and input disturbance due to various
manipulators, actuators and sensors executed in the systefhese unknown variables turn into
obstaclesin the process o$oftware simulation. Hence, this approach is used to build a SIDF model of

the plant to ease the procesd generatingthe system controller for the nonlinear device.

1.3.1.4Establish oNew Sheme ofController to Incorporate to SIDRpproachFunctionLibrary
Lastly,anew scheme of controller sstablisted to be incorporated with the MATLAB function libranA

linear model of the unstable system is produaetd utilized inthe simulation withthe support ofthe
function library. Then,anew scheme of controllecanbe formed via repeated MATLAB simulatoBy
utilizing the human walking kinematic model, vexdiion of the controller and plans done in advance

of testing the system on a stroke patient.

1.4 Research Scope
In this research, attention is paid to establish a lower Ilrobotic devicethat rotates in sagittal plane

with humanjoint trajectoriespattern. A new manipulator conssof hip joint and knee joinsdeveloped.
The manipulator providesingle degreef-freedom (DOF) in sagittal plane at the hip and knee joint in
real time. Theow-level motion is implemented bythe servomotor and encodemwhile the high-level
trajectory planningfunction bycontrolling with a new controllerschemeto perform gait movemerg

This new controllers generated baseé on SIDF approach with the MATLAB functioratiy.

1.4.1 Research Proje&cope
The first year othe research plan focuses anbasic understanding of lower limb muscle activities and

gait trajectory. This is essential for the development of a compatisistive robotic rehabilitation
device Arobotic orthosis prototype is aimed to be fabricated and test@dtuators and sensors are then
setup withadataacquisitioncontroller device for setting upcontrol interface Finally, &8imulink model

simulating the movement of the robotmrthosis is developed

11
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The ®cond year of the research foeson the development of the SIDF model to characterize the
nonlinear system of the twdink manipulator. Thenthe SIDF modak utilized to undergo controller
designwith the SIDF function librgto suit the performance of twaink robotic orthosisThiscontroller
would incorporate lav level motion control via D@otors and encoders ankligh-level gait trajectory
control system via the gait patterim real time.Simulation responsesf the controller with SIIFmodel
are compared withresponses ofa conventional PID on the manipulator to prove stability the

controller.

Finally, testings done with the experimental setup to verify trmmpatibility ofthe SIDF model and
controller for a multivariable nonlinear twink manipulatorNew scheme of controllés developed to
beincorporated into the SIDF approach. The controiletestedin simulation and experiment. Successful
implementation of the new conutller is then amended to the MATLAB functidibrary for future

application

Table3 summariseshe 3-year project plan:

Table3 Researcliplanning

Duration Activities

1 Develop a robotic orthosis prototype for the project

1 Setup control interfacéor actuators and sensors with controller

First Year device

1 Develop a Simulink model which can simulate the movement of t
robotic orthosis

1 Develop a mathematical model to describe the gait symmetry ind
of human lower limb

\S(g;cr)nd 1 Develqp &IDF model to characteriiege movement ofrobotic
orthosis
1 Generate a control system based on SIDF approach MATLAB lib
Third Year 1 Experimental verification of SIDF mode_l and control system
1 Develop new controller scheme based in SIDF approach

1.4.2 ResearclhProjectExecutios
First, an ideal structure design of the rehabilitation orthdsiduilt This research focuses on hip and

knee movement. Théwo-link manipulatordesignwas chosend provide training for hip and knee in

sagittal planeas this is the major plane of motion human walking kinematic modeéVlanipulator or

12
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hardware for ankle movement in coronal plaisenotconsidered irthe current stage of research. Besides
that, gait pattern andjaittiming play an important role in symmetric walkindgneéltemporal relatiorship
between theleft and right legss vital to achievea symmetricwalking manner. Hencehe two-link

manipulatordesignwas chosen to provide guidance for patients during lower limb rehabilitation.

A gructural design of the device is done by designing the mechanism of the manipldiexible length
adjustment design of each link is introducedmatch thelength ofthe lower limb of each patienduring
eachrehabilitation sessionThe pototype ofthe support frame is desiged to hold the manipulator in
position. The design allows it tee incorporated into atreadmill for patient training purposein future
Eledronic components are chosen for the rehabilitation orthosis. Arduino Due and-63%B
multifunction inputoutput device are used to control the systeifhe DCservomotor attached with

encoder is installed to providmovement control and position feedback ofetimanipulator.

Next a simulation model of the twdink robotic orthosis is needed for simulation work and controller
deign.Hence,the mathematical model of twdink manipulator iscomputed,and the gait profile ofa
healthy human ispplied. MATLABSs utilized to build the simulation model of the plattat consists of
components such as actuators, sensors, and manipulators. Various simulationsnaodelontrol
systemare built to mimic the actual behaviour of theystem Simulatiors and expeiments of position
control, speed control and current control are carried otlihe PID controller is implementedut
complicationshaveoccurred due tahe unstable and nonlinear characteristic of the systd#owever,

defective outcomes are seen looth simulation and experimeiad results.

Hencethe SIDRpproach is implemented to solve the simulation probldineSIDF model of the device

is buit and the simulation model is stabilizehe rominal SIDF model is selectexhd linear fitting is
done to obtain system transfer functionslhen, linear control theory technique is applied five
controller designA leadlag compensator for the device is generated and optimum constant gain of the
controller is determinedFinally the optimum controlleris generated and th&IDF model is verified via

nonlinear simulation.

After the verification inanonlinear simulationthe lead-lag compensator is executed as a controller for
the rehabilitation device Experimental setup islso completed for validationof SIDF model with

controller.Then, mrmalized step response in simulation and experimental setup are dridhexddition,

13
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tracking and decoupling of axes in simulation and experimental seitg done and outcomes are
plotted. Comparison of normalized step response of both experimental setup and simulation are carried
out and satisfying results are obtained. In conclusion, the application of SIDF approach with MATLAB
function library is succa$ul in a twolink manipulator. Trajectory implementations and clinical tests are

aimed to be done in future.

1.5 Research Contributions
This research will lead to the following contributions:

1. Provide a new design of lower limb rehabilitation device wiiclow cost to be accessed.
Based on Tabl8 in the literature review, theprice ofa commercialized rehabidition device
ranges from RM100000 to RM1,480,000. There are more than 10 states ircountry,and it is
a hugesumto be allocatal to each state with even one rehabilitation devia®nsideringthat
the number d stroke survivad with impairment is around 16,000 people. Hendee tresearch
aimsto produce a high cogterformance ratio lower limb rehabilitation device wigdminimum
budget. With the low cost of production, the selling price of the device will eventoellgpwered
Hence, consumearcan purchase or access this device ai@e affadablepriceascomparel to

other rehabilitation devicein the Malaysian market.

2. Developnent ofanew design of lower limb exoskelettimat focuseson joint trajectories training
for rehabilitation training purpose
Over the past few decadesiostcommecialized rehabilitation devicdbat are developerefer
to Table3) focus on assisting the patients to regain walking ability by providing body weight
support, treadmill training and end effectonly without guiding the walking angle and timing of
the paient. These devicemre mostlyunable to adapt their movements fully to the patient during
the rehabilitation sessioli37]. Hence, a design of lower limb orthosis device wilscable to
assist the leg and joint movemenis developed to guide patientdowards correct gait
trajectories to help them regain gait movement with corrégb and knee flexextension angle

with respect to their walking cycle.

14
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3. Introduction of SIDF model with sliding mode control in modelling the robotics orthosis.

This is the first design method for a lower limb rehabilitation systemiitzdised on a SIDF model.
As stated byor AmirNassirharandn [38], the SIDF modes$ applied to tracking and decoupling

of a multivariable nonlinear systeprshowing that a describing model is a good method to
represent the inpuoutput behaviourof a nonlinear plantin this caseit isthe robotic orthosis.
Besides that, the sliding mode technigissalso a welknown approach to control a nonlinear
system. Hencehis research is aimed to apply both methods to generate a new controller for the

robotic orthosis.
4. Proposeanew controllerto be incorporated to theVIATLABSIDF function library

The Sinusoidahput describingiunction MATLABIbraryis developed by DrAmir Nassirharand

[39]. It consistsof a series OMATLAR:0odes that can synthesis the SIDF model éononlinear
system by providing the information of thgarticular plant. To design the controller for the
linearized model, different approaches such as factorization approach and classical linear
compensators are apied. Hence in this research, the sliding mode control is aimed to be added

to the MATLABIbrary to generate a new controller for the lower limb rehabilitation device.

1.6 Thesis Outline

The comepts of developing aontrol system robotic rehabilitation evice with SIDFmodel are
introducedin Chapter 1A leadlag control system is developed by incorporate SIDF approach function
library to generate a robust control system for the nonlinear multivariable syskéistoryand current
researchon Exoskeleton and Robotic Orthosase reviewed.Motivations behind the research are
explained with proposed aims and objectivExecutions and contributions of the research project are
described.The overview of thesis chapters is included at the end.

Chapter 2 outlines thefour major research aresof the project:the biomedical aspect, robotic aspect,
control systems and the control strategies of robotic rehabilitation deviddse importance and
summaries of biomedical aspect for a lower limb devicedaseussedCurrent literature review shows
the basic understanding anakenefits of lower limb rehabilitation device. Various model of these devices
and mechanism of the system are reviewed. Potential control strategigsrerate a robustontroller

are also highlightedCritical reflections on design approach and control architecture are presented.

15



Chapterl|

Control systems with describing function approach used for exoskeletons and lower limb manipulators

are discussed. Lastly, research motivations for the regeare reviewed.

Chapter 3recorded the setup of the rehabilitation device including the mechanical, electrical and
electronics designs. Safety factors and various functions are considered for protection purpose and user
friendliness Justifications of themechanical design and safety measurement are presenidu

dynamic model is derived for simulation and to be utilized to generate the control system.

Preliminary work on the development of simulation model of the system is discuss€tapter 4
Simulaton model is built to verify the parameters of motor. Trajectory control with conventional

controller in simulation and experiment are tested and the result is presented and discussed.

The theories of describing function and lelad) compensator will be sicussedn Chapter 5The used of
method of sinusoidal input describing function to stimulate the nonlinear model is discussed. Controller
design with leadag compensator is also depictadd the outcomes from simulation and experimental

setup are recordéd and studied

Novelty of the research is reviewed@hapter 6 Theimplementation andvalidation of SIDF model with
controller are done via several steps to assure its reliability. Nominal model selection via linear fitting
was done for the SIDiodel. Performance of the nonlinear feedback control system was verifitd
various methods including step responses and tracking and decouplingGestparison of th&SIDF
modelwith experiment setupare also presentedlustification and conclusion tfe SIDF approached is

presented, hence, marked the academic contributions in control system study.

In Chapter 7 the main findings of the research are summarized. dtheantages of SIDF approach are
concluded. Limitation of current works and suggestion for future works in the related field are proposed

and recommended.
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Chapter d.iterature Review

2.1 Introduction
This chapter outlines the research area of the project. It is divided into 4 main partbidimedical

aspect, robotic aspect, control systems and the control strategies of robotic rehabilitation devices. The
biomedical aspecsummarizesthe gait analysighat includes the biomechanics of human walking,
human normal gait cycle and related topics. Terminologies of human gait analysis such as step and stride
length, phase of gait and timing of gait cydee reviewed Studes on various types of robotic
rehabilitation devicesarereviewed in the robotic section to provide basic understanding on the current
development trend. The lower limb rehabilitation devices are classified into passive and actige type
Active devicesire categorized into treadmill trainig devices, feet manipulators and mobile deyiaed

they are common choicefor the conventional rehabilitation method. A chart cbmmercializecand
non-commercializedlevices often used for stroke rehabilitation is presented. The control systems and
control strategies for rehabilitation devices are also described in this chapiditionally, there is a
section describing arious control systes that are applied in the commercialized and non
commercialized rehabilitation devicesvhich comprises the@mpedancebased control, EMGbased
control, adaptivebased control. Besides that, two common control techniques including the sliding
mode control and neural network control for lower limb orthosis are reviewed in this chapter. Finally,

the study of describig function approach which is applied in this research is presented.

2.2BiomedicalAspect

A basic understanding of human walking is necessary to design a robotic orthosis. This section describes
the biomechanics of human walking atite terminologesused in gait analysis. Also, joint torque and

electromyography (EMG) signal used to measure muscle activity will be presented.

2.2.1Biomechanics dlumanWalking
Figure4 shows the description of human anatomical planes and the direction of leg motion in sagittal

plane. The sagittal plane is the major plane of motion in human walking kinematic model. Motion in
sagittal plane is referreas flexion (positive direction) and extension (negative direction). Abduction

(moving away from the body) and adduction (moving toward the body) are used to describe motion of
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hip in coronal plane. Finally, eversion (moving away from the body) and inngrsmving toward the

body) are used to describe the motion of ankle in coronal p[&he
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Figured Description of human anatomical planes (A) and diagram of the leg shown in the rest position (0 degree at all joints) with th
positive direction indicated (B3]

2.2.2Human Normal Galfycle
Normal gait pattern can be utilized as a guidance on gait rehabilitation of stroke patients. However, there

is not a particular standardor human walking pattern because people with different ages, sexes and
different body geometries will result in different sets of gait pattgt]. Hence in this section, a general
gait patternthat represents a normal human walking trend will be discussed.

2.2.2.1TerminologyJsed inGait Analysis

Figure5, Figure6 and Figure7 describethe gait parameters used to define the process of gait cycle.
Figureb shows the comparison between a step and a stride. A step is the movement of either one foot
to the front of the other, while a stride is referred to a step forward by the same footefbee, a step
length will be the distance travelled by one foot to the front of the other. However, stride length is
measured by the displacement between the same foot from the instant that the foot contact with the
ground and continue until the same amti occurs. In order to walk in a straight line, the stride lengths
of both sides othe feet should be equal even though the gait patterns mightlm@symmeticalto each

other. Figure6 and 7 describe the step length and stride length for a typical symmetrical and
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asymmetrical walking. As shown in Figérestep lengths of both sides of the symmetrical walkang

equal. However, this might not apply to the asymmetrical walking as shownureFigg1].

Gait is a series of repeated patterns of lower limb movement that helps the body to move forward. Gait
is normally referred to as walking. It can be divided into phases or ped@ilsGait cycle is defined as

the period of time between two successive occurrences of one of the repetitive events of WdlRng

[43]. In this report, Rancho Los Amigos Observational Gait Analysis (OGA) [gygtisnused to define

the gait cycle.

I Stride——b
L step — /g

Figure5 Gait cyclestep andstride [45]

Figure6 Step length{-) andstride length €) for symmetrical walking41]

-y -gr wgr

- ] 3 - = e -

Figure7 Step length-{-) andstride length(-) for asymmetrical walkinfg1]

In the OGA method, gait pathology is defined as the deviation from normal functiorcy@kstis divided
into 8 major events to accomplish 3 tasks as referre@lable4. Figure8 shows the details of a complete
gait cycle. The gait cycle starts with initial contact of one foot andsahthe next initial contact of ta

same foot. The other foot will go through tlexactsame cycle buis displaced in time by half a cycle.
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Both legs will undergo swing phase and stance phase. Swing phase refers to the instant when the foot is
moving forward and hanging on the air whikarsce phase happens when the foot contacts the ground

and acsas a support for the body to move oveif40], [46]

Table4 Phase of git [29]

Period Task Phase/ Major Event
. Initial Contact
Weight Acceptance .
Loading Response
Stance Phase Mid-Stance

Single LimiBupport

Terminal Stance

PreSwing

. . Initial Swing
_ Swing Limb Advancement— _
Swing Phase Mid-Swing

Terminal Swing

Task 1: Weight Acceptance

The initial contact is not exactly a phase. It is the instant when the foot touches the ground. Usually the
heel contact the ground and continue by loading response until the other foot is lifted for swing. This
two events are defined as weight acceptance because shock is absorbed by the outstretched limb when

the body weight is rapidly transferred from one side of the bomlyhe other[42].

Task 2: Single Limb Support

The gait cycle is continued with the nsthnce aghe starting of single support period when the other
foot is lifted up until the body wight is positioned over the forefoot. Terminal stance phase will then
begin with the heel rise and continue until the other footdtihe ground. This task is named as single

limb support as the total body weight is acting on one li@B).
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Task 3: Swing Limb Advancement

Preswing phase is the final stage of stance phase. It starts with the initial contact of the contralateral
foot with the ground and end with ipsilater&be-off. The body weight will then be transferred to the
opposite limb. Therefore, thisphase2 TGSy {y26y |a agSAIKIG NBfSIasSe
swing phase begins with initial swing when the foot is lifted up from the ground and swunrg thvhil
opposite foot undergoes loading response. The main purpose of this phase is to allow the limb to move
from its standing position to form a clearance between the foot and the ground. During thewama

phase, the swinging limb will move forward. thasterminal swing occurs until the foot is in contact with

the ground[42].

2.2.2.2GaitCycleTiming
In gait analysis, human gait pattern is often assumed to be symmetrical for lnteh 8 ease data

collection and analysigl7]. Figure9 shows the timing of the heel contact and to# in a single gait

cycle. When the initial heel contact of the right leg occurs, the left leg still rests on the ground. This
phe2 YSYy 2y Aa OFfftSR (KS aGR2dzfS &ddzZLLR2NIié¢ ¢KSNB
during the swing phase of the left leg, the right leg remains in stance phase anglifoikrS & NA 3 K
adzLILI2 NI ¢ LIKFaSo ! FGSNI dKIGx GKS alyS Y2@9SySydaa
KSYyOS NBadzZ G Ay aR2dzof S &adzLJLJ2 NI §0]F A Ay |yR F2ff

Thus, two periods of single support and two periods of double support occur in one gait cycle. As shown
in FigurelO, the stance pase usually occupies 60 percent of the cycle while the remaining 40 percent is
the swing phase. Each period of double support occupies 10 percent of a single cycle. However, the
timing of gait cycle is different with respect to the speed of walking. Asuhilking speed increases, the

swing phase will be longer and the stance phase will eventually become sptijer
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Figure9 Timing of single and double support during a single gait cycle from right heel contact to right heel piijtact
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Figurel0 The timing and phase of the gait cycle based on equal subdivision of single support and swing into thrdd ghases

2.2.2.3GaitGraph
Joint angles are quantitigbat vary throughout the gait cyclevhichisalso one of the important aspects

in gait rehabilitation othe lower limh. As the main objectives of rehabilitation training is to be able to
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restore a proper walking ability, accurate joint angéee able to provide a reference position ftine
patientt & SF OK GAYS AYyOGSNBIt RdZNAYy3I NBKFOGATAGEGAZ2Yc
or to provide reference during a rehabilitation training, the best way to utilize joint angle is to implement

it onto a rehabilitation device.

Database ojoint anglesneed to be identified before the development of lower limb exoskeletoorder

to comparethe LJ- A @aFtim@ foint angles and provide support or ledle patient to walk in a
propermanner. In this research, database of joint anglestfdd in gait graphssobtained from a stug

of human gait patternby UniversitySchool of Physical Educatiph N2 OO | ¢ 3[48]t KinkrhaticR
pattern of adult gait for motion analyssystem BTS Smat was established and uselbint angles of a
group of healthyadultswere presented in three speed lev@lwo typical gait graphs of hip and knee
from these studiesre plotted in Figure$1land12respectively with the percentage of gaifcle against

the joint angleEach graph shows three sets of average joint angles which represents the slow (1.16 m/s),
preferred (1.36 m/s) and fast (1.86 m/s) speed. This data is obtained from 17 healthy male subjects
betweenages of 21 to 23 years oldith average body mass of 76.3 kg and around 1.79 np@jl

Figurell shows that the hip flexes and extends once in a single gait cycle. The hip reaches its flexion
limit at the middle ofthe swing phase and remain flexed until the start of the stance phase. Maximum

extension occurs before the end of stance phase and théhgins to flex again afterward.

Knee flexextension graph plotted ifrigurel2 shows that two flexions and two extensions happen in a
single gait cgle. The knee is fully extended before initial contact with the floor, following by the flexion
of muscle in the early stance phase. The knee muscle extends again duriatanud and begins to flex

again after it reaches a peak at the beginnarighe swing phase.

Figurel3illustrates the temporal relationship between the anglebtained from right (blue) and left

(red) knees. The data is plotted fboth sides with the same time scale. The peak knee flexion of left
knee occurs during the swing phase of left limb and stance phase of right limb. The data from both sides
are plotted in the same graph at the bottom eigurel3. The blue and red dots are distanced from each
other for about half a gait cycle. Hence, this indicates that the normal gait pattern of both limbs e

basically correspond to eadther by the interval of half a gait cydkl].
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Figurel3 Temporal relationship between data for left and right knees [25]

2.2.3Important of Bionmedical Aspect
With the findings of gait analysis of human walking, a better control strategy can be designed to provide

the best rehabilitation orthosis for the subject during rehabilitation process. The step and stride pattern
of gait cycleprovides timing information of the foot during asymmetric walking. Besides, ghéses
such as swing phase and stand phasewell as the 3 tasks of weight acceptance, single limb support
and swing limb advancemerdre concerns in designing the orthesp allowthe subjectto carry out
walking training in a proper rhythm and tempo withe correct amount of support in each side of the
limb. Lastly, gait cycle timing and gait graph prosithe average walking data of healthy humane3d
resources arémportant in programming the knee and hipovement of the rehabilitatioreviceas the

aim of the orthosis is to providie best environment that mimga normal walking pattern for subjects

to exercise and regain their walking ability thstlosest tatheir walking pattern before a stroke. Hence,
the studyof biomedical aspects compulsoryto design the structure and control strategies for the lower

rehabilitation system.

2.2.3.1Relationship of Gait Graph with Control Syséemh Desigof Robotic Orthosis
As shown irFigure 14the gait pattern of a leftsided hemiplegic stroke patiergplotted and compared

with normal gait cycleGait data ofthe right side of lower limb as shwn in grey lines are slightly offset
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from the normal gait. However, the plots tife left leg (black linesshow a distorted patternThe @its
of the left leg are abnormal and deviated from the normal gait. These can be séeme the pe& of
both graphsappearsslightly earlier than the other legilso,a distorted gait pattern can be seen in the
early staggstand phasedf eachgait graphs.Theseexplainthat a leftsided hemiplegic stroke patient
could not control his left leg due to brain and nerve cell damage. Heheemotion of the right leg

(healthy sidewill be slightlyaffectedduringwalking.

Hip Flexion/Extension Knee Flexion/Extension
QD “e o w =2 “
i —
F lex F lex ‘,I
Ext E:-di
20 .20
0 Percent of qait cycle 100 0 Percent of qait cycle 100

Figurel4 Kinematiographs of the hip and knee of a lefided hemiplegic stroke patienD¢tted line: Normal dat; Grey Line: Right side of
body, Black line: Left side of bodyistorted gait grap)i49].

Toregain a balanagwalking posture, both sides ttie legmustwalk with a normal gait cye. Temporal
relationshigs between both legs are aimed as the final outcomes of stroke rehabilitafiberefore, the
normal and aymmetric gait patterrs must be utilized as a reference in the development tbe
rehabilitation devie. The gap between these two values should be reduced with the rehabilitation
program provided by the rehabilitation devicelhe rormal gait patternacts as a tool in guiding stroke
patients to walk with normal joint anglesudng rehabilitation trainingwhile the distorted gait profile is

the element to be fixed.

A normalized gait graph antle LJI (i A S ypibfidesare i@y poitisin the control syster@ development.
The rormalized gait graph represestthe reference or desired input of a plant whilee LI 4§ A Sy (i Qa
pattern is the feedback signal the system Erross can be computed with th existence othese two

values Thereforegthe control system will be able to computedramount of strengthor torque needed
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by patient during a rehabilitation training. Theonceptualcontrol system is illustrated in the block

diagram(Figure 15).

ToO2 NNBOG LI 4 A S yhé distorted gait firofiledbf thip SndJnemust be obtained and
comparedwith the normalized gait data. Moreovethe design of the rehabilitation devices should
match with theobjectives of the researcio help patients regain a balance walking manner. Hetiee,
concept of twolink manipulator is proposed. The twinks can be used to attach and guide the
movement of hip and knee at retime. DC srvomotor and sens@can be implemented to control and

feedback joint movements during rehabilitation training.

Desired Input
(Normalized gait graph) Outout
>() > R Plant (Patient’s gaitf)attern)

Controll > :
error ontrofier (Orthosis)

>

feedback

Figurel5 Conceptual block diagram of robotic orthosis

Referring to the angléime characteristics of hip motion, as shown in Figure 11, the hip reaches a
minimum value at the end of stance phase and starts to rise @&@aration to go into swing phase.
Besides, Figure 12 shows two turning points at midstance and midswing positions. The changing
directions of hip and knee during flexion and extension are obserVégse show the dynamic
characteristics of a humanmalking gait pattern. Hence, a controller needs to be instigated to the system

to deal with the dynamics of the gait profile and multivariable of the 4imé device. A stable model is
required to deliver gait correction task, and at the same time manteulihe movement of two links.

Hence, a robust control system is compulsory to be created for the rehabilitation devices.

2.3 Robotic Aspect

The number of stroke victims is increasing from year to yAalck of physiotherapisttead to the
development ofassistive robotic devices for rehabilitation. With the existence of robotic rehabilitation,
workload of physiotherapists can be replaced or reduced. At the same time, the patients can receive
better poststroke rehabilitation to overcome their disabilitiesnd achieve the best training result.

Massive research in rehabilitation devices result in robots providing different types of assistance for
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physiotherapists. Besides that, rehabilitation devices also provide various kinds of support and exercise

for patients. Robotic devices can help patients in a passive or active way.

2.3.1Passivéevices
Passive devices as showrfigurel6 are usually attachedith springs and links to provide patients with

strength to move the lower limbs against the gravitational fd&f@. Thesalevices often contain simple
interface with various kinds of geometry. Passive devices can aid with rehabilitation practice on stability,
posture of walking, muscle control and strength. Passive devices are safe to be used andthence,
preferable forpatients to practice with them. The geometry and inertia of passive devices are also
adjustable to suit the patients for optimum level of balance and practice. However, there are some
drawbacks for the passive devices as they only pelitle assistancdor the movement of patients

and hence result in slow rehabilitation progress¢a7], [51]

Figurel6 A GravityBalancingPassiveExoskeleton for thehumanleg- basic component of gravity mechani$s2].
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2.3.2ActiveDevices
For active devices, patients have to providhe energyor to initiate certain motiors to activate the

RSOAOSQa Y20SYSyliad ¢KSaS RSOA OS aandshidBorsumdrdited & |
by a controller or CPWBerd 2 NB | OG Fa | NBOSA @S Nivhileactugtdrsidnd S LJI
motors are conected to end effect® to provide support or guidanceActive devicesare usually

classified into three main approacheseadmill training devices, feet manipulators, and mobile devices.

2.3.2.1Treadmill Training Devices
Treadmill training is a comma@ractice by physiotherapist to assist stroke patients to regain functional

mobility. This methods also known as partial body weight support treadmill training (PBWSTT). In
traditional practices, three physiotherapists are needed to help a patientioding his legs and hips to

walk on the treadmill to achieve posture stability. Since huge efforts from physiotherapists are required
for this kind of training, the idea of robotic devices to assist patients on treadmill is established. Utilizing
robotic devices to hold the patients during treadmill training can reduce the body weightgaah the

human legs. Besides that, robotic devices can help patients to prabkceorrect walking pattern at

ground level25], [27] Studies show that this method is safe, feasible srable to provide a positive

impact during stroke rehabilitatiofb3].

Lokomat

The Lokomat as shown kigurel? developed by Hocomib4] is the most famous robotic system which
provides body weight support for patients during treadmill training. There are twROErobotic

orthosis in the Lokomat sysin to support the pelvic girdle of both limlm the sagittal plane. Each
orthosis is responsible for the hip and knee joints control of one limb. The size of the orthosis is
FR2dzadlFotS (2 YIGIOK GKS LI GASY(aQ fofeméntd whlé Y2 i
potentiometers are implemented to measure the joint angles. Reference trajectories are used to keep
track d the joint angleq427]. The computercontrolled drive of Lokomat are programmed tynshronize

the treadmill speed with the speed of the orthog5]. The speed and forces of the Lokomat are
OKIyaStot$S G2 a&dzs the liokoBat islimduht&dytal theQtreadrBilS with a fear
mechanism in order to achieve planar lateralstaii I GA2y ® +Sf ONRB &G NI L&A | NB
legs to the devicd27]. Lokomat is the most evaluated system and it is one of the very first robotic

orthosis for treadmill gait trainin{5].
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Lokohelp
Lokohelp as displayed iRigure18 is an eletromechanical device placed at the froenhter of the

treadmill surface which is parallel to the gait direction. Besides that, there is a mechanism to support the
body weight and provide stability to the patients on the treadiaslishown irFigurel9. Lokohelp is able

G2 3dzZARS GKS LI GASydaQ tS3a G2 Y20S I O0O2NRAY 3
show GKS aeaidsSyQa STFSOUAGSYySaa 2y GKS NBO2JSNE
GKS O2NNBOG NKeiKYAO IyR O2y(Aydz2dza Y2UuARy, 27
[27].

ReoAmbulator/AutoAmbulator
ReoAmbulator as shown Figure20 also known as AutoAmbulator. It is actuated with robotic arms to

control the hip and knee joint angles. It consists of a body weight supp@/&)Bystem as shown in
Figure 14to hold the patients in an upright position on the treadnfiil], [33] This device is similar to
Lokomat as the movement of both devices are limited to the sagittal plane. ReoAmbulatmrés
concernedwith the walking trajectory and stepping pattern than balance trairfifig [25]. The robotic
arms required patients to generate a necessary amount of force to perform the gait motion during the
rehabilitation. AutoAmbulator is &ctive in providing balance and gait training for stroke patients.
Besides that, AutoAmbulator is widely used in resea@efitersand hospitals for rehabilitation purpose

and research studig28].

Figurel7 Lokomat [54]
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Figurel8Lokohelp on treadmi|b5] Figurel9 Lokohelp in usgs5]

Figure20 ReoAmbulatof25]
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2.3.2.2Foot Manipulators
Apart from BWS treadmill training devices, programmable foot manipulaiteslso a kind of active

RSOAOS FT2NJ A&G4NRP1S NBKFEIOATAGFGAZ2Y ® t | GA SyobolicQ FS S
system that simulates walking patterns during swing phase and stance phase. In addition, the foot
manipulators can simulate fiérent terrains and human gait patterns for rehabilitation purpose. The aim

27T GKS&S RSOAOSa INB (2 LINRYARS LI FOGF2Nya (G2 O2
[25], [27]

Gait Traner GT |

The Gait Trainer GTas shown in Figur@l is one of the most famous foot manipulator devices
commercialized by Rekaim [23]. The concept of this device is to provide a-tsgscific platform for
adequate therapy of stroke patients. Thisdewize y KSf LJ G2 AYLINRBGS LI GASY(:
their body weight and provide continuous training to patients by adaptmgheir walking speed.
tFGASYyGaQ FSSG INBE aSOdz2NBR 2y (2 (GKS T 2Cubleshd | (S:
attached to the patients to keep trackK KS 062 R@ Q& Y2 @S Y S yRigare2l. fhe R&pY 2 v &
length and gait speed are adjustalalecording to the preference of users. Many clinical studies had been
conducted and the effectiveness of this device is justified. Furthermore, it is effortless to operate the

Gait Trainer compared to the traditional treadmill trainif&p], [56}

Haptic Walker
Haptic Walker Kigure22) is known as the improved version of GT | as it is able to generate different

walking speedand provide different modgof training for patients. Several modes of training provided

by Haptic Walker include climbing up the stairs, walking on a rougtings or slopes. Besides that,
sensors are placed underneath the manipulators to measure the walking strength of patients and ease
the physiotherapists to monitor the progression of patiefi2s], [30] Clinical reviews on the Haptic

Walker have been done on spinal cord patients and its effectivensssnfirmed[29].

Gait Master 5

Gait Master 5 is a nenbommercialized device developed by University of Tsul2dlalt is a manipulator
type of device actuated with two footplates that fosma virtual floor underneath the feet as shown in
Figure23. The repeanhgmotion of the footplaes enables users to experience walking on different kinds

of terrain, andat the same time remain stationary on the device. Shd@nk mechanism is used as a
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linear guidance for the 2 DOFs motion footplates. Rotary encoders are attached to the ser®ifiootor
position feedback. The trajectories of the footplates are adjustable with the motion data inputted to the
device to suit the needs of users. Fléxice pressure sensors also implemented on the foot plates to
YSIFadz2NBE (KS ¢ SA3IKG elladiité Rluridgyinitial soStactdZBhiS N@viee hés Deen
evaluated and the outcomes show that it is capable to help hemiplegic patients to regain their stair

climbing ability[24].

Figure21 Gait Trainer GT[56] Figure22 Haptic Walkef30]

Figure23 Gait Master 5 (Side view and back vi¢j]
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