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ABSTRACT

DEVELOPMENT OF A 7 DOF EXOSKELETON
REHABI LI TATI ON OF LOWER EXTREMI T

by
SK Khairul Hasan

The University of WisconsiMilwaukee 2021
Under the Supervision of Professor Anoop Dhingra

The World Health Organization reports that worldwide about 1 billion people have some form of
disability. Of these, 12290 millionpeople have significant difficulties in functioniignainly upper and

lower extremity disability)ndependentlyThe major causesf human lower extremity disability include
stroke, trauma, spinal cord injuries, and muscular dystrdpisry 40 seconds, seeonein the United
Stateshas a stroke. A statistic shows that approximately 6bpoststroke patients suffer lower

extremity impairment.

Rehabilitation programs are the main method to promote functional recovery in disabled individuals. The
conventionhtherapeutic approach requires a long commitment from a therapist or a clinician.
Unfortunately, there is a persistent shortage of qualified physiotherapists/clinicians both in developing
and developed countries. For therapists, the treatment proceblg tequires many hourwith each

patient, and the amount of such cases is constantly increasing. Therefore, an alternative to conventional
treatment options is essential.

Exoskeleton robeassisted physical therapy has recently been studied extensiedly it proven
effectiveness in providing different forms of physical therapy at any stage of physical recovery. To help
disabled individualsut down their disability period and regaining mobilgyickly, we started

developnent ofa human lower extrenyitexoskeleton robot for physical therapy that can provide therapy

duringall stages of physical recoverihe development of an exoskeleton robot involves anatomic and



anthropometric analysis of limbsiechanical desigrelectrical and embeddesbntrol electronics system
design,communication system desigand ontrol algorithm design and realization.

In this thesisthe human lower extremity anatomic and anthropomatrédysids presentedfom the
perspectiveof arehabilitation robot develapent.The kinematic and dynamic modelin§the robot are
presented firstThe DenavitHartenberg approach is used for kinematic modedirthe lower limts. Both
NewtonEulers iterative approach and Lagrange energthods areised for dynamienodeling.The
LuGre friction model is used faimulating joint friction.A total of 7linear and nonlinear control
techniquegPID control, Computed torque control, Linear Quadratic Regulstodel rderence
computed torque controhdaptive control, Stling mode contrgland a Slidingnode control witrasuper
twisting algorithm are developed for the rob@&novelmechanisms are developfed providing alt
naturalmovementgor 7 active and passive degree of freedoithe mechanicahanipulatoiis designed
and simulated in the CAD environment dabricatedusingCAM proceses A reattime robotcontroller
is developedo executehe control algorithmand interface the sensors and actuatgraphical user
interfacewasdeveloped to interact with the robot and colkbetdata Finally, recommendationfor

future researchre presented
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1. Introduction

Physical disability is defined as a physical
endurance, and dexterity. Human lower extremity physical disability refers to a full or partial loss of
control over the lower limbsThe tuman lower limb consists of a totaf 3 joints that provide a total 6f
degrees of freedonthe rmuscular system, nervous systémantralandperipheral nervous systenpand
skeletll sydemwork synchronously to provide desired timas. Any complicatiosto associated

musclesnervesor bone leadto lower extremity physical disabilities

Many people experience a temporary or permanent lower or agipemityimpairment sometime in
theirlifetime. Globally, approximately 150 million people have significant difficulties in functioning
(mainly dueto upper or loweextremitydisability) [1]. Stroke is a major cause of physical disablt&ly
Based on a report by the World Healhganizatdn, poststroke, about 10 million people survive
annuallywith minor to significant impairment&lpper or lower extremity physical disability may also
occurbecaus®f spinal cord injuries, trauma, sports injuries, occupational injusi@sjuries causedue

tofall [3], [4], [5], [6].

Human lower extremity physical disability affects mobilityis vital to reduce the disability period as
mua as possibleThe effects of physical disability are not limited to an individual's lifestyle; instead,

theyeffect the immediate family angocietyas a whole

An exoskeleton robot istgpe of a wearald robot. In a exoskeleton robot, mechanical linkages are
mapped based on the anthropometrical properties of the limb which allows moving the links along with
the limb segment without hindering any degrees of freedom. The exoskeleton robot is attached very
closely to the human body and communisata thephysical humasobot interactiongHRi) or

cognitive humasrobot interactiondHRI). A total of threetypesof exoskeleton robots are available:

human upper extremity exoskeleton robot, human lower eitjrexoskeleton robot and fulody

exoskeleton robot. The major application of the exoskeleton robots involves thethsseadbots as

stat



human power assist, therapeutic, and protective devic#ss thesiswe focus ortheapplication of the

exoskelebn robot forhuman lower extremityehabilitation purpose

Physical therapy is one of the main methods to recover from disability and resume normal daily life.
Most of the time, theisability recovery period is prolonged, and the recovery performammnds on

the competence of the physiotheragisthe conventional therapeutic approach, a single patient requires
many hours of the therapistés time for treatment.
resources for providing physical tlagry to thesffected populationTo handle a large number of disabled
individualswith limited resources is challengingobotassisted physical therapy represents a great

alternative solution to meeting this challenge.

In recent years, research in fsimbotics has received a lot of attention because of its effectiveness in the
field of upper and lower extremity rehabilitat. Exoskeletorbased physical therapy, prosthetics,

artificial limbs are major applications of biobotics.Exoskeleton robebased exercises are a practical
approach for neurorehabilitati@md exoskeleton robebased physical therapy has opened a ansmue

in the field of rehabilitationi7]. By providing customizable physiotherapy and evaluating performance
during all stages of recovery, exoskeleton robots offer enormous possibilities in human upper and lower

extremity rehabilitation8].

An exoskeleton robot is a higdrecision mechatronic systenhich consists of sensing, computation, and
actuation units. Different units communicai®ongsthemselves using various standard communication
technologiesThe whole system runs based on governing control algorithms. To achieve maximum

efficiency, all the units in the system need to be efficient and appropriately synchronized.

Figurel presents the mechatronic system architecture of the rehabilitation robot. The sensors attached to
the mechanical structures or with the actuators megsintg position, velocity, or acceleration. The

high-performance computer executes the governingrabalgorithms based on the received signals from



the sensors and sends actuation comignthe actuator drive. The atuators moveéhe mechanical

structures.
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Figurel Mechatronic system architecture of a rehabilitation robot
The performance of the exoskeleton rebased physical therapy depends on the accuracy and precision
of the robot joint movements. An effective control system is required to run the robot dffiaigch
deliver different forms of physical therapy smoothly. To achieve this goal, resedrakedesigned and

used many control schemes

Theprimarygoalof this thesisis to develom human lower extremity exoskeleton robot for adutigch
works forall the joints of the human lower extremifyhis thesisan be divided into three majportions:
() Mechanical design and fabrication of thearable part of the exoskeleton rql{d} Kinematig
dynamic modeling andontrolof the7 DOF humariower extremity exoskeleton robhatnd (iii)
Developnent ofelectrical, electronicand @mputer systesifor executing control algorithmend

interfacing thesensors and actuators

The organization of the thesssas follows:Chapter2 reviewsthe previously conducted researntihe
usageof human lower extremitgxoskeleton robot farehabilitation.It explainsthe mechanical design,

actuator typedeedback or sensing methamntrol algorithms employeid the pastit also esthlished



the scope taontributeto the field of human lower extremity rehabilitation robotiChapter3 explains
the human lower extremignatomy and physiology fromrehabilitationperspectivelt also discusse
the probable cased human lower extremity physical disabiliiynportant safetyequirements,

ergonomic desigrandrobot assistive training methods.

Chapterd discussethe kinematianddynamic modeling of the exoskeleton ralid¢énavitHartenberg

(DH) notation was used for kinematic modeling. Both the Nevi#oler method and the Lagrange energy
method were used for dynamic modeling. The results obtained from both methods were compared to
verify the correctness of the develomighamic models. For simulating robot joint frictjiatuGre

friction model was incorporated into the simulati@mapters discussethe Control and Simulation of

the robotA total of 8 distinct linear/nonlinear control schemes (PID, Computed torque Icdmbiael
reference computed torque control, Sliding Mode Control, Adaptive control, Linear Quadratic Regulator,
Sliding Mode Control with chattering suppressor, Sliding Mode Control with super twisting algorithms)
were used for controlling thebot. Chaper 5 has 7 sectionfor 7 different control schemesdfor every
control scheme, the stability analysis is shown.calitrol schemeare simulated in the MatlaBimulink
environmentChapter6 coveis the mechanical modelj of thedeveloped human lower extremity
exoskeleton robofThe ceveloped mechanical manipulator covers all 7 active degrees of fré¢bigiom
abductioradduction, hip flexiorextensionthighinternatexternal rotationknee flexionextension, shank
interral-external rotationankle flexionrextension, ankleronationsupination, andonepassive degree of
freedom(knee linear displaceméntChapter7 explairs the Realtime controller development and sensor
and actuator interfacinghapter8 presentshe experimentatesultsgathered from the deloped robot

Finally, conclusions and recommendatidosfuture researchre presenteith chapter.



2. State of Art Technologig®r Exoskeleton Rodits

Exoskeleton robeassisted physical therapasopened a new avenue in the field of human upper/lower
extremity rehabilitation. Exoskeleton robots can provide different forms of physical exestesdy at

different stages of physical recovery arah measure the recovery rate accurd@lyDue to its

effectiveness in human upper and lower extremity rehabilitation, both academic and industrial researchers
have been working to advance the figfl Many prototypes and prosthetics have beerldped in

academia whereas biomedical industries have introduced commercial rehabilitation exoskeleton robots. In
most cases, the technology involved in exoskeleton prototypes developed at academic institutions is
readily available. This is not the casithmany robots developed by the indusfriiis chapter will

reviewthe stateof-the-art technology for exoskeleton robots developetth@academia as well by the
industryand establish the scope to contribute in the field of human lower extremity itatiahil

robotics

The developed human lower extremity (HLE) rehabilitation exoskeletonsrobgait rehabilitation
devices can be broadly divided into two categories: treadhailed stationary gait rehabilitation robots
and mobile type gait rehabilitah devices. In the case of treadntifised gait rehabilitation devices, the
user exercises on top of a treadraildis supported by an overhead harness. Some form of the guiding
system remains attached to the lower limbs and move the lower extremisygloing the desired

trajectories. Some prominent works on this type of rehabilitation device are discussed next.

Lokomat isacommercially available exoskeleton rolpp€], [11], [12] thatwas developed for spinal cord
injury and stroke patients. It provides support to users through an overhead harness. The suspended
harness raises and lowers the pelvic part of the body with each gtepidies assistive torque for hip

and knee flexiorextension movements. The ankle flexiextension movement is passively actuated. The
force position control scheme is used for controlling the exoskeleton part of theFigoioe2(a) shows

the Lokomat rehabilitation gait training system.



KineAssist is a treadmilbased body supported rehabilitation deVyicd, [14]. It provides support via a
customdesigned harness attached to the mobile robotic base which can carry up to 40opéneen
bodyweight throughout the gait cycle. I't provi des
to the robotic base can follow the vertical movement of the pelvis that helps to provide more natural and
stable walking patterns. It provisl@ssistive force along the vertical axis without constraining any

movements of the higrigure2(b-c) shows the KineAssist gait training system.

LOPES:is anothemvell-knowntreadmiltbased gait training exoskeleton sysfdr, [16]. It provides two

active DOF (left and right movements) and one passive DOF (up/down) fegltie Hip abduction

adduction and flexio®xtension movements are actively actuakatee flexionrextension icontrolledby

anactive joint whereas knee abductiadduction is passilgactuated An impedance control scheme is

used for controlling the robot. Power is transmitted from the motor to the floiotgyh alexible

Bowden cable. Series elastic actuaameuseddr j oi nt actuati on. LOPES inte
body with the help of customesigredsilicon pressure sensors inserted between the lower limb and

exoskeleton framgL7]. Figure 1€¢) shows thd.OPESgait training exoskeleton system.

(a) Lokomat[18] (b) KineAssist[14] (c) KineAssist[14] (d) Lopes[19]

Figure2 From the left (a) Lokomat ¢b) KineAssist(d) Lopes gaitraining system
Active leg exoskeleton (ALEX) is another treadniithsed gait rehabilitatiotevice[20]. Figure3 shows
differentversionsof the ALEX exoskeleton robotThe body weight is supported by a rigid frartdnas a
total of 7 DOF. The trunk of the orthosis tieattached to the user has 4 DOF. The thigh segment of the

orthosis has 2 DOF whereas the ankle has 1 D@B.aktive jointscorrespond to hip and knee flexion
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extension and the remaining 5 DOF are passiaelyatedFor the hip and knee movemeritsear

actuators were used. The physical interface between the orthosis and thoohegylig2 force and torque

sensor$2(]. A force field control scheme was used for controlling the robot.

(a) ALEX [20] (b) ALEX Il [21] (c) ALEX IIl [2]]

Figure3 Three versions of ALEX robot: (a) ALEX, (b) ALEX,I{c) ALEX IlI
ALEX Il is the next version of ALEX. The main goal in developing ALEX Il w@Bavea minimally
constrained pa&s$vely supported gait training system. It provides controllable torque for the hip and knee
flexion-extension movements. For controlling the roltoefeed forwardbackward system with gravity
compensation is used. The dSPACE3 hardware is used for implementing the control algorithm and
reaktime data acquisition. The joint actuation is done using AC synchronous servo motaitvwitmson

Micron gearlox [22].

ALEX Il is the latest versiomf theexoskeleton in thALEX series.The major difference with the
previous two versions was that it provides supports for legth Withoutherequirements of the support
platform.It consists of a totadf 12 motorized [DF, 4 for the pelvisnovementandtheother 8 for both
legs[23]. Moredetails orthe ALEX treadmiltbased gait training system can be founteierencd24].

Tablel summarizes the characteristicgrafadmilkbasedexoskeleton rehabilitation robots.



Tablel Movements, Actuator types, Sensing systerthefreadmiltbased gait rehabilitation system.

Robot/ Movements Actuator type Sensing System Remarks Ref.
device
name
Active joint: Trunk BLDC Servo Received FDA [13],
verticalmovements. motor Approval [14]
Passive joints: vertical Currently
extension, lefright, commercially
1. KineAssist forwardbackward available
bending motion, rotation
about a transverse axis,
hip rotation about the
forward axis
Active joints: overhead Linear actuator Force sensor Capable of [10],
harness rises and lower: for hip and knee providing both [25],
the pelvic part, Hip and flexion-extension active and passive [12]
knee joint flexion movement forms of physical
extension movements  Actively therapies. Can
2. Lokomat Passive joint: Ankle joint actuated simulate a virtual
is passively actuated suspension environmentA
systen hybrid force
position control
scheme was used
Active joints: Pelvis left Differenttypes  The distributed Theh er api s [19,
right movements, Hip  of servo motors, pressure sensor actions vere [16],
abductionradduction, Planetary wasused for produedwith the [26]
flexion-extension, Knee gearhead, humanrobot help of an
flexion-extension Linear actuator interaction EMG impedance
3. LOPES L . .
Passive jointsPelvis signal was controller
up/down movement, monitored for the
Knee abduction performance
adduction movements evaluationof the
exercises.
Active joints: Hip and The electric Force and torque A Force field [20],
Knee flexionextension = motordriven sensor control scheme wa: [27],
4. ALEX movr—.jme.nt_s linear actuator used. Friction [29],
' Passive joints: Trunk,  was used modetbased [29
ankle compensationvas
used.
Active joints: Hip and Motors, Load cell based The feed forward [22]
Knee flexionextension planetary gear  hip and knee backward system
movements torque with gravity
5 ALEX I R ]
Passive joints: Trunk, measurement compensation
ankle control scheme wa
used
Active joints: Trunk, Hip PM brushed 6 DOF force It provides support [23]
and Knee flexion motor, Low torque sensor for both legs.
extension movements  backlash Force feedback
6. ALEX Il Passive joints: Ankle planetary controller with
joint gearbox gravity and friction

compensator was
used




Another major category of rehabilitation robots is the mobile gait rehabilitation exoskeleton robot. The

gait rehabilitation exoskeleton devices are discussed next.

EXPO[30] and SUBAR[31] are two rehabilitation exoskeleton robots. Botinsist of two parts: a

mobile platform and a lower extremity wearable mechanical structure. The mobile platform carries all the
actuators, gearing units, electronic circuits, power supply, and computer. It provides support for the hip
and knee flexiorextension movementgigure4(a) shows the EPO and SJBAR lower extremity

exoskeleton robst The power flows from the castdriven mobile platform to the exoskeletorbod

through a flexible Bowden cable which helps to keep the wearable part lightweight.

(a) EXPO and SUBAR (b) HAL [32] (c) Vandebilt Exoskeletor (d) MINA [34]
[31] [33]

Figure4 From the left (a) EXPO and SUBAR, (HAL, (c) Vandebilt Exoskeleton (dMINA
EXPO is the next version of SUBABRased on the same actuation mechanism, EXPO is more powerful
and lightweight than SUBAIR31]. It is capable of providing a maximum torqueddfNm whereas
SUBAR can only deliver a maximum torque of 7.7 [\8t]. Due to the use of impedance compensation

control methods, EXP@Isoprovides more comfort to the users.

Hybrid Assistive Limb (HAL) is an exoskeleton robot developed for satisfying multiple objectives that
include rehabilitation, helpinglderly people with daily activities, heavy labor support, rescue support,
and entertainmeniB5]. Several versions aheHAL are available: fullbody, lower lody, and singldeg
support systems. Both single leg and double legs versions are available for paraplegid pati¢iid.
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was developed in Japan through a collabordigtween Tsukuba University and Cyberdyne Inc. The
robot is used in hospitals and medical facilities in Japayure4(b) shows the lower extremitjouble

leg version of the HAL robot.

The lower body model of the device weighs about 15 kg. DC servomotors and harmonic drive gears are
used for hip and knee flexieextension movement, while the ankle joint is passively actya®d

HALOs control unit is carried in a backpack by
system and communicate&th a remote monitoring coputervia awireless local area netwofR8]. It

provides passive exercise by using-preorded walking trajectories of healthy subjects. For the active

form of execise, the user's intention is detected by analysis of surface electromyography (SEMG) signals.

The main limitation of the HAL system is it requires a long time for adaptation and adjuE3®jent

The Vanderbilt lower limkpowered orthosis was developed for spinal cord injury and stroke patients. It
assists in hip and knee flexi@xtension movemesit It guides the patient in walking, standing, sit to
stand, stand to sit, stair ascent/descent, sitting, left forward, and right forward movieltlefdd]. Each
state rus based on prprogrammed trajectoriesh€& tajectories are built using the collected data from
healthy subjects. Speettrtext conversiortechnology is incorporated into the control system to make it
more accessible. The weight of the exoskeleton robot is 2hth#& can support up to 200 Ib users. All

the joints are actuated by brushless DC motors. A fully chargeztpatin provide up to-thour

autonomy Figure4(c) shows the Vanderbilt lower extremity exoskeleton robot.

NASA Johnson Space Center and IHMC have jointly developed®Midier extremity exoskeleton
robot. MINA is a robotic orthosis that assists both paraplegia aneppegais patients to improve legged
mobility. It has 3 active degrees of freedom (hip flexion/extension, abduction/addactitkmee
flexion/extension)The passive joint allows hip internal/external rotatieigure4(d) shows the MINA

lower extremity exoskeleton robot.

10
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Rotary Series Elastic Actuators (SEA¢meused br all the active joints iMINA . The patient needs to

rely on crutches for balancing the body. MINA can run in three different modes: zero assistance mode,

performance mode, and gait rehabilitation mode. After a certain number of hours of training, 8iNA c

hel p patients

[42].

AssistONGait is a gait training and balancing restoration robot for disabled people with the impaired

wal k at speed

of

up to 0. 2

lower extremity. It provides support for pehhg joints with the help of active series elastic actuators.

Figure5(a) shows the AssistOBait exoskeleton robot. The individual joints have-sétinment and

backdrivable facilities. Ergonomic design rules were followed for develottiisgyait rehabilitation

device. AssistONGait has a total of six degrees of freedom: hip rotation on the sagittal plane, pelvic

m/ s .

rotation on the transverse plane, pelvic tilt on the coronal plane, and lateral, vertical pelvic displacements

[43).

~ Movements
/ of holonomic
(a)  base

Telescopic
crutch

Powered
lower
extremity
orthosis

Mobile
platform

(a) AssistONGait robot[43]

(b) Walking Assistance Device

[44]

(c) ABLE exoskeleton robdi45]

Figure5 From the left (a) AssistONBait robot, (b) Walking Assistance Device, (c) ABLE exoskeleton

robot

TheWalking Assistancéevice was developed by T. Ikehara et al. for helping elderly people with

impaired mobility[44]. The entire actuation system &riged in a backpack. The power is transmitted

from the backpack to different active joints &ftfexible power transmissiomechanismThe robot

provides activ&knee and ankl#exion-extensiormovemers. For performance evaluation, EMG surface

11
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electrodes are placed on different muscles that contribute to walking. The EMG amgma¢asured with
and without orthosis of healthy subjects. The EMG signal showed a significant amount of reduction i
muscle activity by using orthodi4€]. It was also seethat even though the orthosis works on the ankle

joint, it has positive effects on the hip jointsgure5(b) shows the Walking Assistance Device.

ABLE is a standing style moving transfer system for people with the impaired lower extremity. It
combines three individual modules: powered lower limtihmsis, a pair of hand churches, and a pair of
foot mobile platforms. The torque supplied by the individual modules is determined by thesjatsi
human model. Three modules work individually@gethetbased on the application requirements. For
instance, for moving along a straight line, only the mobile platform propels, whereas while standing
up/down, only lower limb orthosis functions. The amount of assistance from the powered orthosis is
linked with the movements of the crutcijd§]. Figure5(c) shows the ABLE lower extremity

exoskeleton robot.

Ortholeg is a lower limb power orthasis controlled by eyeball movements. Itevatoged to assist

spinal cord injury patients with lower limb impairment. The robot assists both legs. It has 2lagtees

of freedom(hip and knee flexiomxtension). It helps users by assisting with various movements such as
sitting down, standingpy or walking in a straight line, etc. A pair of crutches help the user to maintain
balance. Ortholeg 2.0 is the latest version of the original Ortholeg. Ortholeg 2.0 differs from the original
one in its mechanical structure and is lighter and more duttaethe original versiomy introducing
ergonomic design rules in Ortholeg 2iDprovides moreomfortto the user§d7], [48]. Figure6(a)

shows the original Ortholeg and Ortholeg 2.0.

Walking Assistancé.owerLimb exoskeleton robot developed by the Yonsei University to assist

paraplegic patients. This is the first exoskeletarot that actively used the center of pressure (CoP) or

zero moment point for balancing its€lfhe CoP was calculatdised on the data from an inclinometer

located at the waist and two force sen$d8. The individual legs have 7 DoF for a total of 14 DoF for

both legs. Two different force sensors were used to measure the weight transferred to the ground and the

12



assistive force provided by the exoskeleton robigiure6(b) shows the Walking Assistance Lower Limb

Exoskeleton Robot.

(a) Ortholegand Ortholed (b) Walking Assistance| (c) CUHK-Exoskeleton |(d) XoR Exoskeletor
2.0[47] Exoskeletor{49 [50] [51

Figure6 From the left (a) Ortholeg, (b) Walking gistance Exoskeleton, (c) CUHRxoskeleton, (d)
XoR Exoskeleton

The CUHK-EXo is a lower limb wearable exoskeleton robot designed to help patients with neurological
injuries thathampersmnobility [50]. For dynamic modeling of the whole systghe human body is

divided into six segments. A pair of crutches are also considered in the dynamic model. For controlling
theeightlink model anew type of control algorithm is proposed which is called offline design and online
modification method. It assists users to stand up, sit down, and walk. The users need to rely on a pair of
crutches to use the exoskeleton robot. Thitopmance of the proposed exoskeleton ragewaluated by
testing the robot using both healthy suljectd paraplegic patientSigure6(c) shows theCUHK-Exo

exoskeleton robot.

The XoR was developed with the aim of a braiachine interface for rehabilitation and posture control

of elderly and disabled peof&2]. XoR is based on a hybrid (pneumatic and electric) actuation system.
Theamounb f assistive torque is calculated based on t
determined by the joint angles and ground reaction forces, while the EMG signals estimate the intended

motion.Figure6(d) shows the XoR exoskeleton robot.
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The Wearable walking helper (WWH) was developed to help disabled and older people in movement
activities by compensating against gravity fors3, [54]. WWH calculates the amount of assistive

torque based on the approximate body model of the user. EMG signals on the functional muscles and
recorded heartbeats during standing up, sitting down, pace changing, climbing stairs with and without

usingthe WNWVHBow cl ear evidence (pf. the robotds effectiyv

The walking power assist leg (WPAL) exoskeleton was developed to help people with walking disorders
caused by aging, paralysis, or amputation. It can move based on the user's reotimm# It utilizes
compliance control technology based on joint angle velocities and interaction forces. The dynamic model

of thecombined exoskeleton robot and leg is used for predicting joint torque requir¢&@nts

<—— Waistband

Motor

Thigh link
X Bundle
Force sensor

Motor
Lower thigh link
Bundle

Force sensor

Footboard

(a) WPAL [56] (b) MindWalker[57]

Figure7 From the left (a)WPAL exoskeleton robot (b) MindWalker
The Mindwalker has a total of five degrees of freedom (3 active DoF and 2 passive DoF). It was
developed to help paraplegic patients. The active joints correspond to hip-exémsion, hip
abducton-adduction, and knee flexieextensionSeries Elastic Actuators (SEAyereused for all active
joints. The passive joints were built using springs with a fixed stiffness and correspond to hip rotation and
ankle flexion/extension. The users can contneléxoskeleton robot by specifying the start/stop or step
commands. Hip and knee joint trajectories were bu
walking trajectory An XCoM (extrapolated center of mass) algorithm was used to prevent the user fro

falling during movement in the lateral plaf%]. Figure7 (b) shows théMindWalker exoskeleton robot.

14



Table2 summarizeshte mobile gait rehabilitation exoskeleton robot based on thetBe&ctuator used,

and mechanical power transmission system, sensing syatensontrol system employed.

Table2 List of existing rehabilitation robot along with their DoF, actuator type, mechanical power
transmission, feedback sensing metrard control algorithms

# Device name Degrees of Actuator type  Mechanical  Feedback/ Control Ref.
freedom power intention algorithm
transmission sensing
method method
EXPOS Hip: F-E (A) DC motor Mechanical  Force sensors Fuzzy logic
1 And Knee: FE (A) Gearbox, control, 58
SUBAR Ankle: (U) Cable pulley Impedance
Double legs system control
Hip: F-E DC Servo Harmonic SEMG Proportional
. ; ; =[5,
2 HAL Knee: FE motor drives signals myoelectric [60]
Ankle: FE (U) control '
[61]
1leg
Hip: F-E (A) Electric motor Using user Proportional
Knee: FE (A) vocal myoelectric
3 Vanderbilt 2 legs i commands, control [62]
' Exoskeleton Center of
Pressure
triggered
Hip: F-E (A) Brushless DC Mechanical  Switching via PD control
Knee: FE (A) motor linkage the user
4 MINA Ankle: FE(U) interface [42
2 legs
PelvisHip: SEA Cable pulley Switching via Manual
AssistON- 6DOF Compliant system the user start/stop and
5. ; ) . [43
Gait actuator interface speed varying
operation
Walking Hip: F-E (A) DC Brushless Harmonic Inclinometer  Center of
6 assistance A-A (V) motor drives and force Pressure [49
' lower limb Knee: FE (A) sensor Control
exoskeleton  Ankle: U
Hip: F-E DC motor Ball screw Inclinometer, PD control
Knee: FE mechanism, mechanical
Ankle: FE Worm gear, and touch
7. ABLE switch, [45]
measurement
wheel, load
cell,
potentiometer
Ortholeg Hip: F-E (A) DC motor Mechanica Electrooculo Brain wave
8 and A-A (V) linkage graphy. control [47],
' Ortholeg 2.0 Knee: FE (A) and switches [48]
" Ankle: FE(U)
Walking Hip: F-E (A) DC Brushless ngmonic Inclinometer  Center of
9. assistance A-A (V) motor drives and force Pressure [49]
Knee: FE (A) sensor Control
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lower limb Ankle: U
exoskeleton

Hip: FE (A), R DC motor Planetary Enaoder, PD controller
Knee: FE (A) gearbox, potentiometer
Ankle: FE(P) Bevel , Inertia
gearbox measurement [63]
10. CUHK-Exo unit, Force '
o [50]
sensitive
resistor,
mechanical
switch
WPAL Hip: F-E DC servo Harmonic Encoder and Swing phase
11 (Wearable Knee: FE motor drives force sensor  step (64
" PowerAssist Ankle: FE trajectory
Locomotor) control
Hybrid EMG signal, [51]
12.  XoR - - pneumatic - [65],
and electric
Hip: A-A (A) SEA Mechanical ~ Switching via Model
F-E(A) Compliant linkage the user predictive
13. Mind walker  Knee: FE(A) actuator, interface controtbased [57]
Ankle: FE (U) Springs gait pattern
2 legs generation

F-E A FlexionExtension, AA A AbductionAdduction, RR A Internali External Rotation (Af actuated, (U)
A un-actuated

After reviewing the developed gait rehabilitation and exoskeleton devices, it was seen that none of the
developed exoskeletanbots have 7 active degrees of freedom. The user needs to stand up to use the
rehabilitation exoskeleton devices. The developed devices only work for patients who can stand and

balance themselves. The developed devices do not work for bedridden patients.

Without 7 active degrees of freedoitis never possible to provide albtural movements. It is seen that
poststroke, maximum recovery occurs within the first 3 months of the sfé&keThe existing robots or
the gait rehabilitation devices do not have the option to provide exercises during those early stages of

physical recovery.

To overcome the abovmentioned problems we have developaddegrees of freedom human lower
extremity exoskeleton robot that wéble to provides passive, active, active assist forms of physical

exercise$9]. This will assist the patients duritige very early stage of physiceecovery to the final
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stage. The developed exoskeleton robot will have a total of 7 active degrees of freedom and 1 passive

degree of freedom.
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3. HumanLower Extremity AnatomyandPhysiology froma
RehabilitationPerspective

TheHLE consists of three major segments: thigh, shank, andMigpire8 shows the major bones and
joints present in thelLE. The thigh connects with the vertebra (pelvis bahejugh thehip joint, the
shank connects wittihe thigh atthe knee joint, and the fo attached téhe shankatthe ankle joint. The
femur, the longest and heaviest biméhehuman body, is locatkin the thigh segment. The shank
consists of two parallel bonethetibia andthefibula. The tbia is located on the medial side ahd
fibula is located on the lateral side of the body. The foot consists of a total of 26 bones. The two
significant boms in the foot aréhetalus and calcaneus. Tibia and fibula connect with the talus.

Calcaneus is the largest bone in the foot joint and produces cushioned action during human movement.

Figure9 shows the ankle joint and bones in the foot.

3.1 NervousSystem
Thehuman body'siervous system is like the electrical wiriimga robot. It is a collection of different
types ofnerveshat aremadeof neurors. There are two types of neurons: sensory nexaod motor
neurors. The role of the nervous system ictimmunicatdetween the Central Nervous Syst@DiNS)
and different parts of the bodg7]. Typically, it t&kes a fraction of a millisecond to transfer signals
between two points. Thmompletenervous systeris divided into two parts, thENSand the peripheral
nervous systertPNS) Figure10shows the central and peripheral nervous systems of the Thogly.
brain, spinal cord, and retina of the eye togetimenprisethe central nervous systemhichworks as the
main controller of the body. THeNScommunicatebetween the CNS and different parts of the body.
The sensory nerves carry stimuli signals from different receptors of sensory organs to theheraias

the motor nerves carry activation signals from the brain to various muscles and glands.
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Figure8 human lower extremitipones

Figure9 Bones of the ankle joint and foot
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[CICNS Brain ————————{ o
@ PNS

Spinal cord

Peripheral Nervous System

Figure10 Human body central and peripheral nervous system

Patients with nerve impairment mayffer fromepilepsy,multiple sclerosisamyotrophic lateral
sclerosis, Huntingtdns  d | Aizleeimetedisease, etc. Tmervous system may also be affected by
vascula disordersAny nerve impairmensensory or motofrelated to lower extremity movements)ay

leadto lower extremity disabilities.

3.2. Muscles
The nuscles act like linear actuatand aremade of soft tissuéhe nuscle cels consist oftwo protein
filaments actin and myosin, which can slidmncerningeach otherThe sliding of actin and myosin
layers produce contraction that changes both the length and shape of the cell. Bjusadece force
and motiorandare responsible for posture, loconooti and the movements of the internal orgahgre

are three types of muscieskeletal muscles, smooth muscles, and cardiac muscles.
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A skeletal musclealso known as voluntary musgls attachedo the bone by tendons and wefr

skeletal movements.|though postural control is often done by unconscious reflex, skeletal muscles are
responsible for conscious contrbluscles get actuation commafdom the brain via the motor neurons.
To diagnos alower extremity movement disorddmnowledge oimusclelocation and their contribution

to different movements neededA list of all skeletal muscles involved HLE movements igjivenin
Figurellto Figurel3. Table3 presentshe human lower extremifpOF and their corresponding

muscl es. For ex ami itsiactigation level, anduhe furnctood of thehcer@dpanting
nerves, muscle torie measured usingurface electromyography. For proper placement of surface
electromyography electrodes, the musdesd to be identified #their exact locationgviuscle activation

levels can be used for triggering an active type of physical therapy.

A smoothmuscle, also known as an involuntary muscle, forms the walls of the organs such as the

stomach, intestine, bronchi, uterus, bladder, blood vessels, etc. Smooth muscles are not under conscious

control.Finally,ac ar di ac muscl e i s stwnturdillike theoskeletaltmasclg andrisi s c |l e, 0

found only in the heaf67].
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Figurell Frontal view of the human musculystenm 68]
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Muscle name

Frontalis

Temporalis

Masseter
Sternocleidomastoid (SCM)
C4 Cervical Paraspinals (CP)
Upper Trapezius
Lower Trapezius
Infraspinatus
Latissimus Dorsi

T2 Paraspinals

T8 Paraspinals

T10 Paraspinals

L1 Paraspinals

L5 Paraspinals

Rectus Abdominal
Abdominal Oblique
Internal Oblique
Serratus Anterior
Pectoralis Major
Anterior Deltoid
Lateral Deltoid
Posterior Deltoid
Biceps Brachii
TricepsBranchii
Brachioradialis

Wrist Flexor

Wrist Extensor
Gluteus Medius
Gluteus Maximus

Hip Adductor

Hip Flexor

Vastus Medialis Oblique (VMO)
Vastus Lateralis (VL)
Quadriceps Femoris
Medial Hamstring
Medial Gastrocnemius
Lateral Gastrocnemius
Soleus

Tibialis Anterior
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#  Muscle name
1. Frontalis
2. Temporalis
3. Masseter
4.  Sternocleidomastoid (SCM)
5. C4 Cervical Paraspinals (CP)
6. Upper Trapezius
7. Lower Trapezius
8. Infraspinatus
9. Latissimus Dorsi
10. T2 Paraspinals
11. T8 Paraspinals
12. T10 Paraspinals
13. L1 Paraspinals
14. L5 Paraspinals
15. Rectus Abdominal
16. Abdominal Oblique
17. Internal Oblique
18. Serratus Anterior
19. Pectoralis Major
20. Anterior Deltoid
21. Lateral Deltoid
22. Posterior Deltoid
23. Biceps Brachii
24. TricepsBranchii
25. Brachioradialis
26. Wrist Flexor
27. Wrist Extensor
28. Gluteus Medius
29. Gluteus Maximus
30. Hip Adductor
31. Hip Flexor
Figure12 Rear view of the human musculystenieg] | 32- Vastus Medialis Oblique (VMO)
33. Vastus Lateralis (VL)
34. Quadriceps Femoris
35. Medial Hamstring
36. Medial Gastrocnemius
37. Lateral Gastrocnemius
38. Soleus
39. Tibialis Anterior
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#  Muscle name

1. Frontalis

2. Temporalis

3. Masseter

4.  Sternocleidomastoid (SCM)

5. C4 Cervical Paraspinals (CP)

6. Upper Trapezius

7. Lower Trapezius

8. Infraspinatus

9. Latissimus Dorsi

10. T2 Paraspinals

11. T8 Paraspinals

12. T10 Paraspinals

13. L1 Paraspinals

14. L5 Paraspinals

15. Rectus Abdominal

16. Abdominal Oblique

17. Internal Oblique

18. Serratus Anterior

19. Pectoralis Major

20. Anterior Deltoid

21. Lateral Deltoid

22. Posterior Deltoid

23. Biceps Brachii

24. TricepsBranchii

25. Brachioradialis

26. Wrist Flexor

27. Wrist Extensor

28. Gluteus Medius

29. Gluteus Maximus

30. Hip Adductor

31. Hip Flexor
Figurel3Lateral view of the human muscular syst@@ | 35  \/astus Medialis Oblique (VMO)

33. Vastus Lateralis (VL)

34. Quadriceps Femoris

35. Medial Hamstring

36. Medial Gastrocnemius

37. Lateral Gastrocnemius

38. Soleus

39. Tibialis Anterior
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Table3: List of human lower extremitipoF and their corresponding musc|és]

Movement

Hip Flexion

Hip Extension

MusclesInvolved

Adductor brevis,

Adductor longus, lliacus, Pectineus,
Psoas major, Rectus femoris, Sartoriu
Tensor Fascia latae

Adductor magnus, Biceps femoris,
Gluteus maximus, Semimem branosi
Semitendinosus

Movement

Hip Abduction

Hip Adduction

Muscleslnvolved

Gemellus inferior, Gemellus superior,
Gluteus maximus,

Gluteus medius, Gluteus minimus,
Piriformis, Tensor fascia latae

Adductor brevis, Adductor longus,
Adductor magnus, Biceps femoris,
Gluteus maximus, Gracili®ectineus,
Psoas major

Movement

Hip Medial Rotation

Hip Lateral Rotation

MusclesInvolved

Gluteus medius, Gluteus minimus,
Tensor fascia latae

Adductor brevis, Adductor longus,
Adductor magnus, Biceps femoris,
Gemellus inferior, Gemellusuperior,
Gluteus maximus, Gluteus medius,
Obturator externus,

Obturator internus, Piriformis
Quadratus femoris, Sartorius

Movement

Knee Flexion

Keen Extension

MusclesInvolved

Biceps femoris, Gastrocnemius
Gracilis, Popliteus, Sartorius,
Semimembranosus, Semitendinorus

Rectus femoris, Tensor Fascia latae,
Vastus intermedius, Vastus lateralis,
Vastus medialis

Movement

Shank Medial Rotation

Shank Lateral Rotation

MusclesInvolved

Gracilis, Popliteus, Sartorius,
Semimembranosus, Semitenalins

Biceps femoris

Movement

Ankle Dorsiflexion

Ankle Plantarflexion

MusclesInvolved

Extensor digitorum longus, Extensor
hallucis longus, Peroneus tertius,
Tibialis anterior

Flexor digitorium longus, Flexor
hallucis longus, Gastrocnemius,
Peroneus brevis, Peroneus longus,
Plantaris, Soleus, Tibialis posterior

Movement

Ankle EversioiSupination

Ankle InversioPronation

MusclesInvolved

Extensor digitorum longus, Peroneus
brevis, Peroneus longus, Peroneus
tertius

Flexor digitorum longus, ibialis
anterior, Tibialis posterior

3.3.

Human Lower Extremity Degrees of Freedom

The human lower extremity consists of three segments: thigh, shank, and foot. The lefF&jdec@f

shows the major bones and joints in the humareteextremity. The thigh connects withe vertebra

(pelvis bone) through the hip joint, the shank connects with the thigh via the knee joint, and the foot

connects with the shank through the ankle joint. The longest bone in the human body is fouttdgh the

segment and is called the femur. The shank consists of two parallel bones called the tibia and the fibula.

Tibia located on the medial side while fibisdocated on the lateral side of the body. The foot consists of
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a total of 26 bones. Two majooies in the foot are the talus and the calcaneus. Tibia and fibula connect
with the talus. Calcaneus is the largest bone in the foot joint and produces cushioned action during human

movement.

Pelvi

Ball socket joi

Patella

Fibula

Figurel14 (left) Human lower extremitppones (right) hip ball socket joint

The femur joins withthe pelvis through aball socket jointThe right side ofFigure8 shows the 3
DOF ball socket joint between the femur and the pelige.3 individual rotational movemest

allowed by the joint are:

1. Hip abduction adduction
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2. Hip FlexionExtension

3. Hip internal and external rotation
In the knee jointthefemur connects witkthetibia and fibula viaanelliptical-shaped end calldtie
femoral condyle shown iRigure15. The shape and size of the femoral condydee presented by F.
Russell et a]69]. As the connection surface is shaped elliptical, it causes rotational as well as linear
displacement in the knee joint. The leg length incredseng flexion and decreases during extension. A
nortlinear relationship between the angular and linear displacement was developed and utilized for the

lower extremity kinetic and dynamic model.

For kinematic and dynamic modelirfixed center of rotatiomwas considered. The right sideFi§ure15

shows the knee condyle ellipse and its instantaneous center of rotation. From an ergonomic perspective, it
is extremely important to account for joint linear displacement in the knee joint; ignoring it will cause
joint misalignment between the exoskel[egdtThe r obot

knee joint provides 3 DOFs:

1. Knee Flexon and extension
2. Shank internal and external rotation

3. Knee linear displacement

Figurel5 (left) Knee joint bones (right) Knee condyle ellipse
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The left side ofFigurel5 presents the internal architecture of the knee joint with bones, and on the right
side thefigure shows the relation between the rotatiomal inear displacement during knee flexion and
extensior{69]. Figure16 was developed based on the relationship between angular and linear
displacement of the knee condyle ellipse. Based on the datdfgume15an empirical equation was

developed (by curve fitting) as given in E)

130 -

**** Actual data
Fitted curve
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Figure16: Relation between angular and linear displacement of knee condyle
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In Eq.(2), nis the angular displacemer2 Q "@ndo is the linear displacemend & 8

Figure17 Bones of the ankle joint
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The lower ends of the tib@ndfibula are joined with the talus. It provides 2 DOF.
Figure9 shows the ankle joint and bones in the foot. The allowetibms are:
1. Ankle flexionextension

2. Ankle pronation and supination

3.4. Range of Motion
Maintaining a proper Range of Motion (RoM) is essential for the exoskeleton robot. The majority of
healthy people have a similar range of motiarthe case of physicalehapy, theRoM varieswith the
p at i health cddrditionA failure to meet this criterion may result in serious adverse consequé&hees.

reportedHLE ranges of motion from various sources are given in

Table4
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Al

Hip ExtensiorFlexion Hip AdductionAbduction Hip InternatExternaRotation

Ankle Flexion- Extension

Knee ExtensiotFlexion Shank Externalnternal Rotation Ankle Pronation Supination

Figure1l8 Human Lower extremities degrees of freedom

Table4 Human lower extremityanges of motion

Joint Movement American Kendall and American Kurz [73]
Academy of McCarry [72] Medical
orthopedic Association
surgeons[71]
Flexion m pgTd m pqguld m pnmnd m pomd
Extension m omJ m p1md m omnJd m omnd
" Abduction mT TUJ m tuld m tmd m vmd
P Adduction mT o1J m pmd m ¢1mJd m omnd
InternalRotation mT 1T0J m tTuLlJd m 1TT1d m 1T1mJ
External Rotation mT tTULJ m tuld m vTd m tvuvld
Flexion m pould m ptmnd m pumd m pomd
Extension m pulJ
Knee .
Internal Rotation m pmd
External Rotation mJ
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Dorsiflexion m ¢mJ m ¢md m ¢1d m ¢mnJd

Plantar flexion m v m 1tVJ m tmd m tTULlJ
Ankle . .

Inversion/Pronation T ovJ m ovuJ m oT1d m oTmnJd

Eversion/Supination m puld m ¢mJd m ¢1mJd m ¢mJd

3.5. Anthropometric Parameters
Anthropometrical propertiggday an essential role the development diuman loweextremity
kinematic and dynamic models. Nikolova and Togh&¥ reportedhe anthropometricalrpperties based
on the dat&ollectedfrom 5290 individuals (2435 males and 2855 females).
Some empirical equations are also available in the literature to determine lower extremity
anthropometrical parameters based on the weight and height of the rfijjeEgns.(2) - (22) are a set
of empirical equations that can be used for calculating human lower extetfitppometrical

parameters based on the suli)esieight and height
6 THWNUBIC O-MMi@Q Qo 2)

In equation(2) 6 is the body density( (¥ , "Ois the height of the subje¢QEQ@p e is the body

weight of the subject( ¢.iThe high, shank and foot densitiesedeterminedasfollows,

, 0
"Y p&cun@p?oﬁ 3
~ o , @
pat @ LO o)
O 8t g 86 5)
pat X pO o)

In Eon. (3) - (5), Y is the thigh density) is the shank density ari@ is the foot density.

Thewhole-bodyvolume 6 is calculated usinghe body weight and body density
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The volume of thigh, shankandfoot werecalculatedas follows:

Y O BlwEd D @)
Y omeit ¢ 0 6)
0 TEip B D )

Approximate weights of the thigh, shaakdfoot werecalculated as given iBgn (10) -(12)

YOYZUY @i (10)
YoYZY a @i 11
"0 0204 @i (12

The length of the thigh'Y , shank "Y , foot "O and ankle to lower face of the foai were

calculated as shown Bgn (13)-(16),

YO T V0OQEm (13
Y e YuOQEMm (14
"0 ™ LTOQEM (15
6 18T TONEW (16)

The locations of the center of the mass from the proximal joinhéthigh “Y , shank"Y Hhfoot

"O aregiven by Ea. (17) -(19)
Y @ g YQEm (17

Y@ 0o YQED (18)
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O ™ T V0OQED (19

The empiricakquations for the inertial properties of thegh"Yhshank Yhand foot'O are given irEgn.

(20) -(22),
Y o1 Ay T T
Y T Y eX'Y T (20
T T Y TR XY
Y g YpyY T T
Y T Y ™ pIY T (21
T T Yo xvY
O m™car0 T T
"0 i 'O ™} T V0 T (22)
T T O ™ L0

3.6. Probable Causes of Physical Disability
Thereasons behinghysical disabilitycanbe classified into two categories: hereditary/congeaital
acquired. Congenitalisability occurs before or during birthihereasacquireddisability may appear at
any momenturingthe lifetime. Congenital forms of disability anard to overcomasingphysical

therapy.

There are multiple causéx the acquired type of physical disability. Any kind of injlttlamage in the
nervoussystem mayead toacquired physical disabiit These injuries may include injasin the central

nervous system (brain, spinal cord) or the peripheral nervous system. The primary causes that damage the
central nervous system include accidental brgimrigs, strokes, trauma, infections, insufficierygen

supply to the brain cells, etc.

Stroke is a common cause of neurological injutiesoften paralyzeone or more limbs of the body.
Physical therapy is the only treatmémit poststroke recovery76]. Epilepsy,theabnamal electrical

activity of the braincauses shotterm or longterm physical disabilt[77]. Cerebral palsys dueto brain
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cell damager malformation, whiclaffectsa persa onmwvement and leads to physical disability
Cerebral palsyccus during birth (due to obstructive labor), but the symptoms appear during early
childhood[78]. Multiple sclerosis is an unpredictable disorder of the central nervous system, which
freezescommunication between the central nervous system and the peripheral nervoug &§jstem

Muscular dystrophy weakens the muschesa result, physical disabilityppeard 80].

Any type of fall hat causes injuries to the central nervous system or peripheral nervous $ystieads
tolong or shorterm physical disability. Fall also causes fracsuriethe bones and often nesslirgey;
after surgery, the patient needs physical therapy to weprbility disordersThus, ay type of injuy

thatdisrups communication between ti&NSandPNScauses disability

3.7. Requirements for Exoskeleton Rehabilitation Robot
Specificsafety standardshould be maintained for HL&xoskeleton robots to protect the user framy
dangers. By followingr gonomi ¢ design rules, both the wuseroés
performance can bhmproved The next two subsections briefly explain the desirahletg and

ergonomiadesignfeaturesthat need to be considered while designingxrskeleton robot.

3.7.1. SafetyFeatures
Safety is the most critical requirement for an exoskeleton or wearable Thleakoskeleton robot
interacts very closely with the human body. Aoptime failure inmechanicalelectrical and electronics,
or control algorithmsnay cause serious adverse consequences. Rehabilitation exoskeleton robot works
parallel with the human jointsith a corresponding range of motion fategy joint. For healthy subjects,
the RFoMs havesome standard valgewhereas the &/ for impairedpeoplearedifferent,dependingpn
the severity of impairment. Every exoskeleton robot should have a mechanist tod RoM of the
joints. It may be in the form @mechanical stopper or an electromechanical sdvesed stopping

systemFurther, @ery exoskeleton robot shouddsobe equipped with an easily accessible emergency
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stop button. The function of the engencystopbuttonwould be to stop the movement immediately and

hold the robot against gravity.

Exoskeleton robots are designed by considering a maximum payidasceeding the maximum limit
may cause electrical or mechanical failures. A higher sédetgrcanreduce the chansef both
electrical andnechanical failures. Robot payload specifications should be very clearly mentioned in the

robot user manual.

The robot should be operated at a low voltage to minimize the risk of electrocution. Tility séviee

electrical injuries depends on the amount of currentifigihrough thenumanbody. The skin resistance
varies with sweat gland activit ilowerskiaregistatce dy t empe
allows more current flow through the hodVhile kin resistance is variable, the risk of electrocutian

be reducedby avoiding higherobot operatingoltages.

During the mechanical design of the rolsgtecial attention should be given to avsitidirp edges and
corners which increase thisk of injuries.Dangling wires on moving parts increasieerisk of an

accident. The designer shoulfiow a suitable passage for electrical witing

For the safety evaluation and improving the reliability of the huozaia robot the methgatoposed by

Ikuta et al can be usefB1]. Finally, International Standard Organization has specified new safety
standards for personal care robots (ISO 134&2) Both research prototypes and commercially available

robots need to comply with the standards.

3.7.2. Ergonomic Mechanical Design
By introducing ergonomic design rules into the mechanical design of a rehabilitatigkeketon, the
robot can be made more effective in terms of incr
exercise for a prolonged period. The major ergonomic design rules that are applicable in rehabilitation
exoskeleton robots include redugin macr o and micro misalignment betw

and the user 6s | i (886, [84oTo ensudepromexjaatignroent, each kinkis i o n
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developed with link length adjustable mechanisBysavoidingtoothlike mechanism$or the link length

adjustment allowshange from a small amount to a large amount.

It is very important to consider all degrees of freedom of humds. Reduced degrees of freedom
obstruct natwural joint movements. The exoskel eton
movement closely. Not all joints in human upper or lower limbs undergo pure rotation. Some joints

exhibit elliptical moton; the exoskeleton robot should mimic this motion as well. The knee joint, which
undergoes elliptical motion with both rotational and linear movenj86fshas an instantaneous center

of rotation. Finally, he robot trajectories should be based on natural human movements. A lot of

researcherbavedeveloped natural trajectories basedtmdata collected from healthy subjefi€],

[42], [86], [62].

3.8. RobotAssisted Training Methods

The effectiveness of physical theyagepends on delivering the right form of exercise to the patient, at

the right stage of recovery. It depends entirely on the competence of the caregiver. Currently, based on the
patientdéds heal th c ontthdrapistselects tnexpdopdore of phwsothgrapg. The ge, t h
primary role of the robot is to followltig he therap
expected thain the near future with the help of artificial intelligence and natural language processing, the

robot will beable to select thappropriateexercis¢s) based othep a t i symptoins

The conventional physical therapwased recovery process consists of three stages: primary, intermediate,
and advanced stagduring the primary stage, the therapigsoves the lnb along a specific trajectory to
improve the joind Eange of motionblood circulationandreduce disuse atrophin the robotic

rehabilitation system, the robot does the same thing. This mode of therapy is also refertied to as
passive form of physat therapyDuring the intermediate stage of physiothergpg subjects also

engagedn the exerciseDuring conventional physical therapy, the patient is asked to move a limb

voluntarily. But in the robebased physical therapy calldee active form bphysical therapythe robot
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moves the | imb along a tr a]|nthedctive agsistfans af ghysicah t h e
therapy, thebjectis asked tanove voluntarily If the subjecfailsto complete the task based on specific
criteria, he robot will assisin completingthe taskThe final stage of physical therapytlige active resist

form of exercise. Some resistive force is applied to the limb and the patient needs to work against the
resistive force. The active resist form of exezdielps to increase muscle strenyfibst of the time,

viscous friction is applied to the joint to create specific resistive forces. Dnatbag assistive

physiotherapyaphysiotherapistnaybe present in person or may use haptic technology.
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Table5 summarizeslifferent forns of robot assistive exercises, their expected outcalomg

representativeesearctworks.
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Table5 Different forms of physical therapy, their expected outcamd representative work

Control modes

Description

Expected outcomes Representative works

Passive mode

Robot helps the patient by
performing passive exercise:
repeatedly along the
predefined trajectories

Helps in motor function
recovery, reduce
muscledisuseatrophy
by repditive exercises

[16], [87], [88], [89)

Active mode

Robot helps patients for the
voluntary movemeniainly
move the joints based on the
userintentiors

Helps in motor

learning,engage patien [61] , [59 ,[16], [6Q],
into the exercise [57],[60]

process

Active assist
mode

Robot helps patietd
voluntary movemenif the
user fails to meetpecific
criteria, the robot helps to
complete it

Helps in motor

learning, improving
confidence via a guide( [16]
process

Active resist
mode

It is similar to active mode
Therobot providesresistive
force as a challenge to the
patient.

Helps to strengths
muscles, suitable for
the final recovery
phases

[90], [91]
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4. Kinematic andDynamic Modeling

Developingakinematic and dynamic model is very importantdotuator selection armbntrolling the
robot Robot dynamicss inherently nonlinear and ofteanonlinear control schemis required taontrol
dynamic. Robot dynamics are part of the majodf thenonlinear control schemeshereforethe
performance of the robot controlleriedon the robot dynamimodel.We developed a totalf 8
controlless for controllingthe robot Amongst the eight controllerg of them are utilizethe dynamic
model of the robotThe @mnstructionof akinematic model is the first step of dynamic modelidgnavit
Hartenbergnethod was used for kinematic mtdg of therobot.Both the NewtonEuler method and
Lagrange energy athals areused forthe dynamic modeling of the roboA LuGre friction modelwas
developedo simulate joint frictionThis chapter will covekinematicanddynamic modelingf the

human lower extremityobotand joint friction modeling.

4.1. Human Lower Extrmity Kinematic modeling
The lower extremity exoskeleton robot is attached close to the human body and attempts to replicate
human joint movements. The distributiontkél i n k 6 s mo me like thosefof hunmae loweri a i s
limbs. To make the entire exoskeleton robot general instead of conforming to a particular configuration,

the human lower limb anatomical structure and anthropometric parameters were considered for purposes

of simulation.

The modifiedDenavitHartenberg (EH) parametergpproach was used for developing kireematic
model. Individual link frames were attached to each degree of fre¢dgune19 shows the link frame

assignment based on thetDparameterThe D-H parameters for each joint are giverTable6.
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Figurel9 Link Frame assignment based ofHparameter

Table6: D-H parametersf human lower extremity

Joint()  Joint name Joint Link Link Link
variable  offset length  twist
i “H H i
1. Hip Abduction/Adduction — 1S 0 <
2. Hip Flexion/Extension — E T 0 E
3 Hip Internal/External . g 0 _
rotation C
4. Knee Flexion/Extension — 1S 0 <
5. Knee Linear displacement 0 (94 0 0
6. Knee Internal rotation — a 0 —
. Ankle . - 0 -
' DorsiflexionPlantarflexion C
8. Ankle Pronation/Supination — E a 0 T
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In the above table

Joint angle P. :the angle betwee andd measured around — axis

Link twist »- :the angle betweeid and measured around axis

Link offset - dithe displacement betweén and® measured along axis
Link length £ is the distance betwe@éh andd measured alon axis

The general form of thieansformation matrix is given in E(R3):

wé+ | QEnE i Q& Q¢ I wé+

~ i Q¢ wéEHwéi wéEHH QE 1T Qe
Tt [ Q¢ WE|T Q
Tt Tt Tt p

By substituting the values of modified DH parameters fii@hle6 into Eq.(23), the following

transformatiormatrices gn. (24) to Eq. (31) were obtained,

wéi— T [ Q& T
w1 Q& T Qé+ 1
Tt p8t ] T
T Tt Tt p
E — — T [ Q& - T
11 “c “ )
Y 't Q& - n Qé— - m”
11 c c I’I
I ) P8t ) "
u Tt Tt T pV
W~ T i Q& Tt
w Q& m wE Tt
Tl P Tl a
Tt Tl P
wé T [ Q& ¢
w1 QE m WEH— m
T p8t ) T
Tt Tl Tt P
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(23

(24)

(29

(26)

(27)



m T P8t «
m T T P8t
®E +— Tt i Q&
[ Q& T wWE +—
T pP3t L1
T TT T
®E +— Tt [ Q&
[ Qe TT wE 4+
L1 p8t L1
TT T TT
wE — — i Q& —
¥ IS S
Qe — DE — —
11 C C
11 Tt Tt
u T L

=

(29)

(29

(30

(31)

Thehomogeneousansformation matrix locates the end fresrosition and orientatiaconcerninghe

baseframe. In the case of tHeimanlower extremity, it corresponds to the position and orientation of the

foot with respect to the hip base fraribetotal homogeneousansformatiormatrix wasformed by

multiplying individualtransformation matrices froig. (24) to Eq. (31).

4.2.

s
X

s o
y ,,\P,,YC NN,
pGC ot ¢

I.p.2.
v

Yoy
X

¥

HumanLower Extremity Dynamic Modeling

(32

After kinematicmodeling,the next step is to develop the dynamic model of the rdlhet d/namic

model combingthe robot kinematics, mass and inertia properties togddlyaamic modkng plays a

vital role in joint torque estimation amwntrol system developmeroth the NewtorE u | er 6 s

and Lagrange energy method were usedieveloping the dynamic model of the robot. The next

subsection wildiscuss the formulation of the migmic model.
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4.2.1. Dynamic Modeling using Lagrange Energy Method
Lagrangss method is a wekbstablished mathematical procedure to derive the dynamic equations of
motion. It is based on the differentiation of the energy terms with respect to system variakilee and

[92]. This section presentké dynamianodelng of the humanlower extremityusingLagrangé method.
At any instant, a link kinetic energy can be calculated by udiug(33)

o Shwa
: ¢

1 8 (33

In Eq.(33), & isthe mass of the link, and  are the linear and angulvelocity of the link athe

link's cener of mass antis themomert of inertia of the link at its ceat of mass.

The overalkinetic energy of the model can be computed by uSipg34)

o) 0 (34)
In Eq.(34), € is the total number of degrees of freeddon the developed human lower extremity
dynamicsg  x8-or dynamic modelingonly the active DORrotational joints\were considered.
The potetial energy of any given link can be computed by ugng(35)
6 8080 0 (39

(36)

In Eq.(35), & is the mass of the linkQis the gravitational acceleration, angl is the location of the
center of mass ohe lirk with respect to the reference ground. is an arlitrary constantFinally,

based on Lagran@esnergy methodhe joint torque requickcan be calculated as,

Q1T Q1 Q16 @
Qp— 1T— 1—
The dynamic equati@of motion of the roboaregiven byEq. (38),
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t b — &-Hh- O— (39)

In EQ.(38),0 — is the mass matrix which is gax symmetric positive definite matrixo —h— is
Xop matrix representinthe Coriolis and the centpetalterms, and’'O—is xoap matrix representing

the gravitational termt  , xap matrix represents the joint torque requiremenke robot dynamic

equation of motion can be written, as

— 0 — f ®—-Hh— O— (39

Sinced — is a positive definite matriX) —  always existsFigure20 presents the schematic diagram

of ideal/model robot dynamics. In the ideal case, joint fricisorot considered.

+ 1 , 1 ”

o=

M-l - ¢———————Joint positio

Figure20 Internal arbitecture of the robot model

4.2.2. Dynamic ModelingusingNewtonE u | &etltod
The NewtorEulermethod is avell-establisheanathematical procedure tormulatethe dynamic
equations of motiownf the serial link manipulatof he iterative NewtotkEuler formulation is explained

next. TheNewton's equation of moticare given as
'O 4avu (40
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whereOis the forceacting & is the mass andgb is the acceleration at the center of mass of the link.
Based on Euler's equation of motion,
0 0 1 ‘O (41

where,0 is the torque acting at the center of mass of the liflis the inertia tensor at the center of the
mass] and are the angular velocity and the acceleration of the link at the center of the mass. The

NewtonEuler algorithmsonsistof two phases.

Phase I. Outward iteration to compute the propagation of velocity and acceleration:
Comptte propagation of angular velocjtyand angular acceleratipniteratively from linkp to link €.
The propagation of angular velocity and angur acceleration from link to link is given by Egn.
(42) and(43)
] Y1 — O (42)
1 YT YT — 0 - ® 43
The propagation of lineacceleration at the link frame and at the center of mass of the link is given by
Eqn (44) to Eqn.(47)
O ' 0 1 1 0 Y (44)
0 1 0 ] 1 0 0 (49
The force and torque acting at the center of mass of the link can be calculated @6Eamd Eqn(47)
O a 0 (46)

0O 0 1 O (47)
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Phase II: Inward iteration for computing propagation of forcesand torques:
During the inward iteration, the foreand torques propagate from the end effector to the base frame. The
force and torque propagation are computed bysE¢8)-(49). The joint torque is computdry using

Eqgn.(50). A more detaiédexplanatiorcan be foundn Craig[92].

QY Q "0 (48)
g0 Y & 5 O ¥ Y 0 (49)
t g O (50

Equatingi component of the torque¢ %) &50) gives the joint torques,

. 0
e, W3- 9
q,
.1 - N fl’ nl’tl
C]lO—ﬂ Outward Iteration |
i 1 N
. Wa.a, '“WdI"t
fz’ n,t,

W1 '/K-:L’aN }’ac(N 1y

| ]
a ] i

. p .
qNﬁ—PQ\ Outward Iteration/\ fN Ny
9% I I
14 Y
. “ .
W, W,a,,ay q Inward lteration /\
fN+l’nN i’tN !

Figure21 Formulationof Newton Euler's dynamic equation of motion
By reviewing thedynamicequation of motion of the robdhatis given byEqn.(38),
T 0 — w—-h— O— (51)
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In Eqn.(51), 0 — is called mass matrix which is gGx symmetric positive definite matrigy ——,
Xap matrix presents the Coriolis and the centripetal term;@rd, xop matrix presents the
gravitgionalforce T, xop matrix presents the joints torque requirements for tracking a trajectory.

The robot dynamic equation of motion caroberepresenedby Eqn.(52),

— 0 — ®—-Hh— O— (52

Sinced — is a positive definite matrix) —  always exists.

It is not possible to avoid friction between two mating parts where relative motion exists. After

considering joint friction torques, the robot dynaahiequationdbecome

t 6 — o-Hh- O— 1 (53)

where,

t "0— (54

Eq.(53) can also be written as

— 00— 1 ®—-Hh— O0— O— (55)

4.3. Friction Modeling
In a robotic manipulator, links are connected by a bearing, transmission, or seals. At the joint, relative
motion exists between contact surfaces, which creates friction forces. It has been reported that the
magnitude of the friction force (or torque) damas high as tpercent of the transmitted force or torque
[93]. A robot control system needs to be robust enough to compensate for theoéfigction. The
amount of genetad friction force or torque depends on numerous fastaeh asontact surface
roughness, lubricant viscosity, transmitted load, temperature, the relative velocity between two contact
surfaces, etc. Most of the parameters involved in friction phenomena@able. It is difficult to separate
the effect of one parameter from another. It is very challenging to develop a theoretical model of friction

phenomena.
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Most of the developed friction models are empirical angelbe@en successfully used for many rgea
Researchers explained friction phenomena in many different ways, including the Coulomb friction model,
viscous friction model, Stribeck effect, pre sliding behasorall displacemenh the stiction phase,

hysteric effect, etc. Some advanced frictiadels are also availabdeich ashe Dahl model, LuGre

model, Karnopp modgB4]. The choice of the friction model depends on the application. Ithisss a

friction model based on the summation of the Coulomb friction meéiViscous friction model, the

Stribeck effecf95] is usedwhich is also equivalent to the LuGre friction moff#8]. The next paragraph

will explain the used friction model briefly.

A The Coulomb friction 4| - - Based on the Coulomb friction model, the friction torque is

a constant quantity at any time.

A The viscous friction {|Tr : Produces resistive torque proportional to the relative velocity

between the contact surfaces.

A The Stribeck friction ({|4| : The Stribek effect models negatively sloped characteristics

at low velocities.

Eq. (56) presents the friction model. E6) to Eq.(58) are used to calculate the friction torque:

Y Q'Y Y&ADD 11— %;L "Y8A)AT1—|%— "Q (56)
1 1 WU (57)
— (59

p T

where,
1| is thetotal friction torque

1l - is the Coulomb friction torque
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J||++ » § the breakaway friction torque: The sum of the Coulomb and Stribeck friction torques in

the vicinity of zero velocity is often referred to as bineakaway friction.

0 4 » g the breakaway friction velocity:He velocity at which the Stribeck friction is at its peak.

At this point, the sum of the Stribeck and Coulomb friction is the breakaway friction torque.
0 is the Stribeck velocity threshold

O .. ois the Coulomb velocity threshold

o is the inputangular velocity

lis the viscous friction coefficient: It is a proportionality coefficient between the friction torque

and the angular velocity. The parameter vahast be positive.

Figure22 presents the relation between the angular velocity and friction torquénubedriction model.

Stribeck friction

Viscous friction

brk

Coulomb friction

Figure22 Friction model (combined Coulomb, viscous and Stribeck effects)

Figure23 presents the frictiotorque simulation based on E¢56) to Em. (58)

50



20 T T T T T T T T T

Stribeck friction Viscous friction

) V
10

5l Coulomb friction

Frictional torque (Nm)
o
T

.20 L L I 1 1 I I 1 1
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 04 0.6 0.8 1

Angular velocity (rad/sec)

Figure23 Simulation of the friction model
For the above simulatiothe following values wereonsidered,
% prmial pmHh VO AT GMQAY ™zY 0 4&, mWig M Qo
Y ™®UEFY Ud

4.4,  State Pace Presentatiarf the Dynamic Model

After considering theobotjoint friction, the robot dynamics care presented by Eqi§59)
— 95— t o-Hh- O— O— (59

Now, define the state vector,

o W —
AN (60)

The resultant state equaticar®based on Eqr(59) andbecome,

(61)
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® —0 —t w-h- O— O—
0 ® wohh Ow Ow 0 ot
Qo "Qoft
where,
Qo 0 o wohh O 0o
Qo | o
The control lawis,
T Q o Qo o
The statespace form of thequation becomes,
W W
w o
w m ‘0w T e
W m W (0]
W 0w 0660
® 6w 00
where, L g First 7 states present the position of the joints, a

the last 7 states express the joint velocities

n O,
m T
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5. Control Systenbesignand Simulation

The effectiveness of the exoskeleton rebased physiotherapy is a function of the robot control system.
Many different types of control algorithms haweenreported in the literaturdablel andTable2
summarizes theontrol algorithms previously used for huniawer extremity exoskeleton robotsach

type of control systerhas its pros and coriBhe selectiorof thecontrol scheme depends multiple
criteriasuch agobustness, adaptabilitglisturbance rejection, tracking performanete. In chapted
dynamic model of the robot was developltthis chapter8 differentcontrol schemearedevelopedand

their performanceis evaluatedy simulating inaMATLAB Simulink environment.

5.1. Computed Torque Control for Human Lower Extremity
Exoskeleton Robot

Computed torqueontrol is a nonlinear control law which is based on the feedback linearization
techniquelt consistf two loops thelinearization loop and the control lodp.the case otherobot,in
thelinearization partthe nonlinear robot dynamics linearizedfbeding back thérce/torque required to
compensatagainstgravitational and the Coriolikentrifugaleffects The control loop consists of a PD
controllerfor controlling linearized robot dynamicBhe computed torque controllerquiresanaccurate
model of the plantModeling erros do not allow linearization ancbnsequentlythelinear control part

(PD) controllercannotfunction properlyFor practical control applications, some additional control
techniques are added with the computed torque controller to compensate for the dynamical difference
between the regllantand thedevelgpedmodel. Such controllsrare often called computed torglike

controlles.
Based on the computed torque control scheme, the input torque to the robot is diee(irdy;

0 —— 0 — — 0 — — - O— (72)
INEq.(72),f H AT [A are the desired position, velocigndacceleration. and hy are the positive

definitediagonal gain matriceszigure24 shows theschematiof the computed torqueontrol scheme.
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Figure24 Schematic diagram dlie computed torque contier

The anthropometric parameters used for dynamic simulation are giVabli?.

Figure25 shows the trajectory tracking performance of the computed torque controller in simultaneous

joint movementskigure26 shows the trajectory tracking performamdéehe computed torque controller

in sequential joint movemerftigure27 andFigure28 show the trajectory tracking errors. In both

sequential and simultaneous trajectory, no disturbances were considered. In both cases, trajectory tracking
errors are less than 0.00Figure29 andFigure30 show the joint torque and power required for

simultaneous and sequential trajectory tragki

The joints friction torques were calculated based on sedt®The peak torques were, p T fof

the maximum joint torque required (In the ideal canditno joint friction considered). The controller

gains used during the dynamic simulationiare p mifp nifp nifp nifp nfp 1dp 1 hO

54



Table7 Anthropometric parameters of the human lowdramity (calculated based on secti®b)

= . 6.69 in
= Thigh
Subject mass 163 b ZE%s (170 cm)
(73.95 kg) 825 7.48in
Sgg | Shank (18.92 cm)
SEo :
67 in L‘g 8 8 Foot 4.51n
' i 8 5E 11.5
Subject height (170.18 cm) OsE ( cm)
pugp T
(0.0151) 0 0
. 12.451b
Thigh Mass . :
g (5.65 k) Thigh inertia @ & 0 X TGP T 0
Q& ) (0.070)
7.67 b ;
X Tup Tt
Shank mass (3.48 kg) 0 0 0.070)
QTap T
Foot Mass (26(_)5’3'&9) (0.06480) 0 0
Shank inertid®o & .
~ P Tgp T
. 16.14 in oy 0 (0.0107) 0
Thigh-length (41 cm)
@ cap T
18.89in ° ° (0.0620)
Shank length .
(48.79 cm) o Tp T 0 0
(0.001)
10.23in .
Foot length Foot inertia"Qw & OXp T
(25.88 cm) 0@ 0 (0.0037) 0
TEp T
0 0 (0.0041)
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Figure25 Trajectorytracking performance of theomputedTorqueController (CTC) in simulteneous
joint movement
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Figure26 Trajectory tracking performance of the CirCsequentiajoint movement
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Figure27 Trajectory tracking erms using computed torque controltrring simulaneous joint
movements
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Figure28 Trajectory tracking errors using computed torque controller dugggentiajoint movements
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Figure29 Joint torque and power required for trajectory trackisgngCTC in simultaneous joint
movement
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Figure30 Joint torque and power required for trajectory tracking uii@ in sequential joint
movement.

Figure31to Figure38 show therajectory tracking performances of the computed torque contioltee
presence of joint frictiorSimulation results show thajectory tracking accuracy is highhe maximum
amount of trajectory tracking errtor any jointis less than 1°t can benoticed from simulation resslt
thata significantly largeamount ofjoint torque and powes required(Figure37) to compensatéor the
disturbancesAs the friction torque are not included in the dynamic model of the rpdddrge amount of

torque and power is required to keep the trajedtagking errorsmall
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Figure31 Trajectory tracking performanad the computed torque controll@aringsimultaneous joint
movemenin the presence of joint friction
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Figure32 Trajectorytracking performance of the computed torque controller during sequential joint
movement in the presence of joint friction
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Figure33 Trajectory tracking errorduring simulneous joint movementsing computed torque
controller inthe presence gbint friction
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Figure34 Trajectory tracking errors during sequential joint movements using computed torque controller
in the presence of joint friction

Figure35 Joint frictiontorque developed during simatieougoints movemen{LuGre modelwas used
to simulate joint frictiol

Figure36 Joint friction torque developed during sequential joints movement (LuGre model was used to
simulate joint friction)
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