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This dissertation presents the development of an uppey-brdskeleton
and its control framework for robotic rehabilitation of taem and shoulder after a
neurological disorder such as a stroke. The first step igdeg an exoskeleton
hardware that supports natural mobility of the human uppdyhwith a wide range
of motion for enabling most rehabilitation exercises. Theskeleton is equipped
with torque-controllable actuation units for implemegtwvarious robotic rehabili-
tation protocols based on force and impedance behaviors.cohtrol framework
is designed to exhibit a highly backdrivable behavior witfravity compensation
for the robot’s weight and optional gravity support for usarm weight to promote
voluntary movements of patients with motor impairmentse €hntrol framework
also serves as a ‘substrate’ of other robotic control bemavor rehabilitation ex-
ercises by superimposing desired force or impedance mofiestability analysis
is performed to examine the coupled stability between thetrand human. After

designing the hardware and control, several experimeatsaried out to test the
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mobility and dynamic behavior of the robot. Lastly, a humabjsct study eval-
uates the effectiveness of the robot’s shoulder mechanmicantrol algorithm
in assisting the coordination around the shoulder. Theltseshow that the robot

induces desirable coordination in the presence of abndresaht the shoulder.
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Chapter 1

| ntroduction

1.1 Background

1.1.1 Neuromuscular Disordersand Neural Plasticity

A substantial portion of the world population suffers fromunomuscular
disabilities caused by neurological injuries or diseaseh sas stroke, traumatic
brain injury (TBI), spinal cord injury (SCI), cerebral pglé€CP), or Parkinson’s dis-
ease (PD), requiring intensive health care services imoudhabilitation|[20, 46].
For example, strokes as the leading causes of the neurotaud@abilities affect
around 800,000 people in the United States alone each lypaAfproximately
80% of all stroke survivors experience some form of uppeblparesis, with only
18% of those gaining full motor recovery within the followigear [155, 124, 25].
The forms of upper limb dysfunctions after strokes includetml deficits, weak-
ness, abnormal coordination and co-contractions, hypeitgdn reflexes, or de-
layed motor responses [52]. The severity and type of theitkefiary largely across

individuals, depending on the lesion and time after thediewcces.

For a few stroke patients, a part of the lost functionalityeisovered sponta-
neously. However, in many cases, rehabilitation interneent required to achieve
any recovery or to stimulate further improvements. The fiomal recovery is neu-

rologically explained by the reorganization and remodglih the neural circuitry



in the damaged brain. Much evidence confirms that the bragpkeeorganiz-
ing its structure and function in response to the interactiath external stimu-
lation and experiences including repetitive physicalnireg [142, 31, 58]. This
‘programmable’ ability called neural or brain plasticityptains the mechanism
of learning new behaviors and relearning the lost behawoes in the damaged
brain and is the underlying principle of rehabilitation/[&3, 143]. In the damaged
brain, learning and relearning are processed by plastiogtyhanisms forming new
connectivity in the neural network such as reinforcementhef functionality in
redundant motor neurons and relocation of the function efdimaged part to the
adjoining parts in the brain [11, 126]. Still, principlessamechanisms of the neural

plasticity and motor learning are under vast explorationdgaoroscience.

1.1.2 Potential of Robotic Rehabilitation

The goal of rehabilitation intervention is to restore an @&ned mobility
by stimulating the brain to encode new skills and remap théomaortices [[45,
107]. The intervention is also important in physical pecdpes to prevent para-
lyzed body segments from joint stiffness, soft tissue andateucontracture, or/and
muscle spasticity, which otherwise would become principladtacles to recov-
ery |[138, 108, 82]. Robotic rehabilitation, which utilizedotic devices as a means
of providing intervention, has been attracting a lot of mtiten from medicine,
neuroscience, and engineering sectors because of thetipbt#rdelivering bet-
ter rehabilitation outcome. Many studies have shown thabtio rehabilitation

produces better or, at least, equivalent outcomes comgarednventional ther-



apy [117)79, 92, 10], offering a number of benefits as follows

e Sophisticated motion and force profiles that are designeddan the prin-
ciples of motor learning and brain plasticity in neuroscenan be precisely

and repetitively applied to rehabilitation exercises.

¢ Robotic rehabilitation can provide high-intensity, tamkented functional train-
ings and massed passive range of motion exercises, whidmitcal for ef-
fective recovery, at low cost, for a longer duration, anchaitt the physical

labor of therapists.

e Robotic environment can effectively provide augmentediffeek to users
such as visual, haptic, and auditory ones that are poteate&thance motor
learning. Virtual reality, for example, can be integratetbia user interface
to motivate users and offer real-world like circumstandes £nhance the

transfer of acquired skills to the actual activities of gdifle.

¢ A rehabilitation robot provides a precise and reliablefplah that measure
and evaluate the users’ physical abilities. Quantitatal@es of motor abil-
ities such as user’s strength, quality of voluntary contrahge of motion,
or muscle tone that can be precisely measured by robots Nell @linical
practitioners to accurately diagnose their customers aescpbe more ap-
propriate and individual-specific rehabilitation prottecoAlso, the robotic
platform may serve as a data logging system to track the gss@f patients
so that the therapeutic exercises can be properly adjulsteg their improve-

ments.



e Arobotic platform provides, needless to say, an automatedament where
rehabilitation resources, can be effectively allocatetinme and space. A
therapist may be engaged in two or more rehabilitation eassat a time,
relying on automated exercises by the robots. Also, a plertabotic system
can be delivered to the patient’s place for remote rehabdim when com-

mute to a hospital is limited.

With these advantages, robotic rehabilitation has a paidntbecome an important
addition to the conventional rehabilitation to deliver ma@ffective and efficient
practices. The efficacy of robotic rehabilitation, howevetargely determined by

the features of a robotic system and its rehabilitationquois.

1.1.3 Coordination and Potential of Exoskeleton Robots

Most activities of daily living (ADLs) consist of multi-j@it movements,
and coordination of multiple joints plays a key role in cafiing such move-
ments [30] 40]. Also, many ADLs exhibit stereotypical ifdémt coordination in
the arm and shoulder such as in a reaching motion [80]. Recgvéom im-
pairments means restoring the mobility as before the impaits including the
normal coordination. However, conventional therapy fesusiore on reinforcing
compensatory movements that accompany alternative ewdrain in the impaired
limb or alternative movements of the unimpaired side. Thibecause compen-
satory strategy is a natural reaction to impairments andllystesults in quicker
recovery, at least partially, of functional task perforro@mvhile circumventing the

impairments|[75]. A compensatory movement learned duraibilitation tends



to continue even after the impaired lesion is recovered aed ot stimulate the
damaged neural system, limiting long-term recovery [8%]1®n the other hand,
recovering an impaired mobility, referred as reacquisitis true recovery, may
take longer to perform functional tasks but benefit longateecovery with better
outcome[2, 86]. In pursuance of true recovery, regeneraifdost interjoint co-

ordination will be inevitably included in rehabilitatiorrgrctices and an ability to

control each joint for coordination may facilitate reacgjtion of lost skills.

Movements of the upper arm are inherently coordinated witkiements of
the shoulder girdle, represented by the scapulohumerdmh{SHR). The inherent
coordination in the shoulder affects the anatomical andnbihanical integrity,
preventing impingement, securing a wide range of motionNFR@nd maintaining
an optimal force-length relationship in the shoulder meiggbups|[149]. Without
attention to the coordinated motion of the shoulder, jonstability may occur,
resulting in shoulder pain or injuries including irritati@nd impingement of the
rotator cuff [32,48]. Also, since the coordinated motioraikey functionality of
the shoulder girdle and is a natural consequence of setizi@an by the muscles
running from the thorax to the humerus via the shoulder gjridimay be beneficial
to include this coordinated motion in the rehabilitatioomgess of the upper limb

for better clinical results [57].

Two-handed manipulation from a therapist or an assistarwe &n end-
effector type robot [89] may have difficulties in inducingiatended configuration
of the arm and shoulder or joint torque composition in thetipld joints. A robotic

exoskeleton worn around the upper body is capable of cdingdhe human joints



to guide an impaired limb for intended coordinated movemeniapplying torque
at each joint independently. If an exoskeleton has a shoatdehanism for full
mobility of the shoulder, the inherent coordination arouhd shoulder can also
be modulated. However, great caution is needed in desigamngxoskeleton to
ensure kinematic compatibility to the human body to prewerdtesired stresses on

the musculoskeletal system.

1.1.4 Human-Raobot Interaction and Requirement for Rehabilitation Robots

Rehabilitation is recognized as a relearning process, anymvestigators
have recently emphasized that rehabilitation practices @ incorporate the prin-
ciples of motor learning in designing therapeutic execiged protocols [18, 75,
68,156]. While some brain damages disable the capabilipatbr learning, the
significant portion of strokes is believed to preserve thigdaor full capability of

motor learning and benefit from the principles [157,/27, 118H,].

A prominent perspective on motor learning suggests that esmvement
in learning a motion should be involved in a problem-solvprgcess recruiting
all relevant motor cortex activities as a cognitive procedgber than memorizing
the sequence of muscle activation and replaying it[L33263./75/)47]. A narrow
implication of the perspective on robotic rehabilitatisithat robotic assistance may
have to focus on encouraging voluntary effort of particigaas much as possible
while movement deficits are minimally assisted in comptgtngoal. A simple
effortless repetition based on a position control may nosuiéicient because a

rigid guidance from a position controlled robot discouagaluntary movements of



patients. In this perspective, allowing a dynamic intecatwhich occurs through
force and impedance, between robots and human would betiesgerpromote

motor learning.

Dynamic interaction with a robot is also beneficial in assgstrepetitive
passive exercises. Regardless of motor learning prirgiplassed repetition is also
essential in rehabilitation, especially for passive raoigmotion (ROM) exercises.
Passive ROM exercises keep flexibility and range of motiad,@event immobil-
ity, soft tissue and muscle contracture, or cartilage inffeation in the human body
with paralysis, spasticity, muscle tone, or exaggeratestctt reflexes [138, 48].
Without accounting for the unexpected resistances to yaasbvements, position-
controlled robots could injure subjects orimpose an exeegsin because position
control is robust to those ‘disturbances’ and proceeds avgiiven task regardlessly.
Robots could also lead to over-extension and injuries iniret gt its limit of the
range in passive exercises. While a certain level of resistdrom the deficits
needs to be overcome to complete the given passive exefoises applied by
robots have to be under ‘surveillance’ all the time, andrieisid to a certain level

of values that depends on the physical condition of indiglduf necessary.

To maximize voluntary movements of patients, a robot need®tdynam-
ically transparent as much as possible to let users taketheetask when they
can [53, 76/ 78]. Dynamic transparency requires robots @ lsagood perfor-
mance in force and impedance control, relying on the mininmnpedance that
robots can achieve. In passive exercises, impedance tdedtrobots can safely

pull the subject’s limbs with a regulative compliance whebelicitly limiting the



maximum force. The controllability of force and impedantsoanables a variety
of therapeutic paradigms based on neurological hypotlssdsas training with an
error augmentation induced by a force field [111]. Therefogbabilitation robots
with force and impedance controllability open up the pasigiof developing ad-

vanced rehabilitation exercises based on motor learnimgiptes and provide a

safe environment for human-robot interactions.

1.2 Reviewson State-of-Art Robotsfor Upper-Body Rehabilita-

tion
1.2.1 Review from Kinematic Per spective

Some existing upper-body exoskeletons support the mpltithe gleno-
humeral joint, excluding that of the shoulder girdle [114,120, 151, 140]. These
exoskeletons typically attach to the user’s hand or wrist i@ot to the upper arm,
and missing a connection to the upper arm makes the robasésitive to the
kinematic compatibility around the shoulder allowing slioity in robot design.
Exoskeletons with a connection at the upper arm are benéficassisting upper
limb motion with proper coordination at the shoulder butuieg careful attention
in kinematic design to match with the anatomical structauding the mobility
of the shoulder girdle to minimize undesirable residuatéoapplied to the human
joints.

Some exoskeletons are designed to partially support thelitgodf the
shoulder girdle: either elevation-depression [16; 104jrotraction-retraction.[130].

Another design idea is to support shoulder girdle movemeitiier with passive



joints [137] or with a combination of passive and active §ei{lL23, 35]. These
systems comply with full mobility of user-driven shoulderdle movements with
the advantage of self-alignment. The presence of passivs jtowever, can limit
active assistance to the shoulder girdle mobility. Alse,rbbots alone cannot fully
control task-space forces at the end-effector or othetitmtawhile the robots worn
by the human can partly control task-space forces usinguheah body as a lever-
age. The forces applied by the robot can induce reactior$amansferred to the
human skeleton through the passive joints, which may candesirable stresses
on the human joints. A 6-DOF end-effector connected to thpeuprm also allows
for full mobility of the shoulder[132], but the kinematicaim closed by the human
shoulder can impose undesirable reaction forces on thdddrgaint in rehabilita-
tion applications where usually large forces are requi@de exoskeleton design
supports both elevation and protraction with a 2-DOF mecmanhat character-
izes the kinematics of the shoulder girdle [5]. Howevers tidiea has only been
presented conceptually, and the proposed shoulder machanbulky, limiting its

extension to a bi-manual design with a wide range of motion.

Most upper-body exoskeletons for rehabilitation inclgdMEDARM are
unilateral, targeting uni-manual therapy. Those systerasrderchangeable be-
tween the right and left configuration, enhancing cost éffeness of the system.
However, bilateral training is considered as an esserdidlqd upper-body rehabil-
itation as positive evidence is discovered [135, 153, 19n& designers assume
a bimanual robot can be achieved by a mirror-copying of theirmanual robot.

However, a mirror-copying can cause interference probletwéen the right and



left sides of shoulder mechanisms at a high abduction eslpewvihen the mecha-

nism has a shoulder girdle mobility.

Some upper-body exoskeletons for rehabilitation are desi¢o be attached
to fixed frames partially due to relatively large-sized ddeumechanisms. An ex-
oskeleton with a stand-alone structure and a compact factarfavill be beneficial
in installation at clinical facilities and providing renetehabilitation. Also a stand-
alone structure is expendable for an additional mobilitgwhecessary such as the

torso movement.

1.2.2 Review from Dynamic Per spective

The ability to control force and impedance is essential forling natural
and safe dynamic interactions between patients and exaieksl[53, 76, 78] and

for implementing novel therapy interventions.

Several end-effector type devices are capable of high pedioce of force
and impedance control thanks to low inertial linkages drivg direct-drive motors
equipped with torque sensors _[76], but such a configurasafifficult to imple-
ment in an exoskeleton due to its three-dimensional kinens&ucture with large
degrees of freedom. Although a cable-driven actuation withirect-drive or low
gear reduction is one solution [114, 5], friction from comewplcable routing and
highly coupled cable tension reduce the quality of force empedance control.
Position control-oriented actuation with a force feedb&okn a rigid force sen-
sor such as a load cell usually uses admittance control sshemwvever it exhibits

limited performance in low impedance behaviors [147]. Whien force sensors
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are located in an interaction port, the non-collocationésirther limits force con-

trol [34].

A series elastic actuator (SEA) is well known as an actuatanfiguration
that is beneficial for controlling force/torque and impecamehavior/[118, 150,
127]. Several rehabilitation robots have adopted SEAsHeir tactuation and ex-
hibited satisfactory behaviors. To date, however, nodide upper-body exoskele-
ton robot has adopted SEAs. This may be partly because iffisullito secure a
wide range of motion in many degrees of freedom structursigthewith a relatively

larger size of SEA compared to general geared electric motor

1.3 Goal and Scope of Work

The goal of the work in this dissertation is to develop an uymely ex-
oskeleton with its control framework that supports natacadrdination with a wide
range of motion and serves as a substrate for developingheedaobotic reha-
bilitation exercises based on motor learning principles. athieve the goal, the
exoskeleton is designed to be equipped with an anatomicaidtste, especially
around the shoulder that supports the full mobility of theedimb, and a torque-
controllable actuation unit that controls force and impexadelicately. The con-
trol baseline is designed to achieve a minimum impedancavahto promote
dynamic transparency in user’s voluntary movements. Tamdéwork serves as a
platform of other robotic behaviors for advanced exerctsesuperimposing de-
sired impedance behaviors while a coupled stability betviee robot and human

is guaranteed. Also, a control for assisting the coordamatif the shoulder is im-
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plemented in the framework, which can be applied to suppbgdranterjoint coor-
dination. The mobility and dynamic behavior were evaluateconfirm the design
goals, and a human subject study was performed to assesieitieveness of the
robot’s shoulder mechanism and control algorithm in aisgjghe coordination in

the shoulder.

1.4 Dissertation Outline

This dissertation presents a bi-manual upper-body exetkelcalled HAR-
MONY, with an anatomical shoulder mechanism that providestaral mobility
around the shoulder with a wide range of motion, powered bigselastic actu-
ators. First, the hardware design is described after rengethe human shoulder
anatomy, followed by a description of a dynamic modelingcess. The follow-
ing chapters present the baseline control and stabilityysisa The next chapter
shows an experimental evaluation of the exoskeleton innkate and dynamic
perspectives. Lastly, a human subject study is descrilmidwed by discussion

and conclusion.
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Chapter 2

Human Shoulder Kinematicsfor Exoskeleton Design

2.1 Shoulder Biomechanics and Coordinated Motion

The skeletal structure of the shoulder complex consistse$tapula, clav-
icle, and humerus as shown in Hig.12.1. The humerus arteslatth the scapula
via the glenohumeral (GH) joint, and the scapula is conmkttiehe clavicle via
the acromioclavicular (AC) joint. The clavicle is ground&dthe thorax via the
sternoclavicular (SC) joint. The clavicle and the scapuolanfthe shoulder girdle,
which is the foundation of the GH joint. Although the scaphtwracic (ST) joint is
not a bony articulation, the scapula slides and rotatesaaittstraints to the scapu-
lothoracic gliding plane [146], where the scapula floats arsaies. Consequently,
the shoulder girdle connecting the ST, SC and AC joint fornatoaed kinematic
chain and provides a stable base for the GH joint with the aiduscles and liga-
ments|[71]. Note that, from the kinematic point of view, th@yobony connection
from the shoulder girdle to the thorax is the connection glibre clavicle with the

AC and SC joint.

The shoulder complex is cooperatively actuated by a numbenuscle
groups with a variety of insertion points. For the processhajulder abduction,

for example, a significant amount of torque on the GH jointlidwct the humerus
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Figure 2.1: Skeletal anatomy of the shoulder complex.

is provided by the rotator cuff and deltoids, which origgtom the shoulder girdle
and are inserted into the humeral head and humerus, whileth®r cuff secures
the humeral head in the glenoid cavity. Simultaneouslytiiygezius and serratus
anterior, which originate from the thorax and are inserted the scapula, rotate
the scapula upwards, and the levator scapula and rhomlsigt #ee upper trapez-
ius in elevating the scapula [36, 57, 41]. Thus, the load ftbenarm transfers to
the shoulder girdle and to the thorax in a cascade via muadégsendons. This
process underlies the coordinated motion of the shouldéiegthat is strongly
coupled to the motion of the upper arm. Figlrel 2.2 illussaa example of a
coordinated motion during shoulder abduction. The coatgith motion is called
the scapulohumeral rhythm (SHR), where the motion of thedrusiaccompanies

the scapula’s internal-external rotation, downward-ugln@tation, and anterior-
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posterior tilt. The SHR is characterized by the ratio of thenleral elevation to the
scapular upward rotation. The ratio was originally belteve be 2:1, but recent
studies show it to be nonlinear and to vary not only acroswikhgals but also by
situations such as a load on the arm [96, 191, 72]. Besidesabpled scapular
upward rotation, protraction-retraction is also couplethwhe motion of the arm.
For example, a reaching movement of the arm is accompanipddraction of the
scapulal[128]. The coordinated motions of the shoulder ssergial for shoulder
muscle function and joint stability and significantly afféecovery of upper limb

mobility [29,42].

The wide range of motion of the upper extremity is partly du¢he cou-
pled motion between the humerus and the shoulder girdlegiEmhumeral (GH)
joint approximates a ball-and-socket joint providing a &rdnge of motion while
the rhythmic motion of the shoulder girdle further enharoedility [116, 42]. For
example, the upward rotation of the scapula, which itse# result of the rhyth-
mic motion, contributes to the wide range of motion duringudder abduction
by preventing impingement of tendons on the humeral heatg@tromion and
by keeping an optimal muscle force-length relation for thenpry humeral eleva-

tors [97].

2.2 Approximation of the Shoulder Girdle Kinematics

Movements of the shoulder girdle result in translationaltions of the
glenohumeral (GH) joint such as elevation-depression anttgction-retraction.

For kinematic compatibility of an exoskeleton, the shoulaechanism of an ex-
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Abduction

Center of Rotation
of GH joint

Figure 2.2: An example of the coordinated motions: the sthenuirdle, consisting
of the scapula and clavicle, rotates and elevates in accoedaith humeral eleva-
tion. As a result, the center of rotation of the glenohumgel) joint shifts (the

figure is adapted and modified from [145]).

oskeleton needs to follow the translational motion of thej@Ht so that the center

of rotation of the mechanism matches that of the GH joint.

During movements of the shoulder girdle, the scapula etshdicomplex
motion consisting of three-dimensional rotation and ti@isn along the curved
plane while the clavicle performs a pivot motion. We assuna¢ the translational
motion of the GH joint mainly results from the pivot motiontbg clavicle with re-
spect to the sternoclavicular (SC) joint because the disg¢he only bony connec-

tion from the GH joint to the thorax. Although the humeral tiséts on the glenoid
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of the scapula, the relative motion of the glenoid with respethe clavicle is small
because the end of the clavicle is attached close to theiglédmough the acromio-
clavicular (AC) joint and the motions of the AC joint are veamall [84, 120]. If

the clavicle with the sternoclavicular (SC) joint delivéine majority of translation
of the GH joint, we could design the shoulder girdle mecharty replicating the

simple kinematic structure of the clavicle.

In case the glenohumeral (GH) joint is translated by a pivotiom of the
clavicle, the trajectory of the translation would be a diacwarc. To verify this as-
sumption, we recorded the trajectory of the acromion of dtheaubject, which
is located right above the GH joint, during repetitive shiaulelevation-depression
and protraction-retraction using a motion capture systehageSpace, Inc.). The
markers were attached on the sternum, sternoclaviculay j(&@, and acromion.
The trajectory of the acromion with respect to the SC joinsitted to a circle
based on least squares. The results in Figure 2.3 show tatajectory of the
glenoid falls on a circular arc. Therefore, it is possiblérémslate the GH joint by
a link pivoting around the center of rotation of the circusaic, and the shoulder
girdle mechanism can be simplified as a link with two revoloiats. Although
the clavicle-like shoulder girdle mechanism may not pre\adl the mobility of the
scapula, the mechanism may promote motor recovery of theukcdqy translat-
ing the lateral angle of the scapula. For example, elevdtirdateral angle area

provides moment and force to cause upward rotation andtedevaf the scapula.

The experimental results indicate that the center of rmtatf elevation-

depression and protraction-retraction in the shouldeitgimotion shifts away from
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Figure 2.3: The trajectory of the acromion during the rigin@der girdle motion
of a healthy subject: (a) elevation-depression and (byactibn-retraction. Axes
X, Yy, and z are aligned with the sagittal, longitudinal, arwhfal axis, respectively.

the sternoclavicular (SC) joint. This shift probably ocuwhen the distance be-
tween the glenohumeral (GH) joint and the SC joint is redu®chuscle contrac-
tion around the shoulder girdle increases during shouldsagon or protraction.
As a result, the curvature of the trajectory is deformed anges the shifted center
of the approximated circle. Constraints from ligamentsiatbthe SC joint are also
partly responsible for shifting the center of rotation avimym the SC joint|[84].
The amount of shifting and shortening may vary across iddiais by their body
size and flexibility around the shoulder. To support thetstifcenter of rotation
with the shortened radius, a shoulder girdle mechanismnesjan adjustable loca-

tion of the pivot point and a link with an adjustable length.
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The pivot motion of the clavicle, the sternoclavicular nooti consists of
elevation-depression, protraction-retraction, and rasrt@osterior axial rotation.
The mobility of anterior-posterior axial rotation of theaeicle can be safely ig-
nored during the design of the shoulder girdle mechanisralsethe functionality
of anterior-posterior axial rotation widens the range otiomof the glenohumeral
joint but does not add another degree of freedom. For exandpleng forward
flexion of the humerus, the posterior axial rotation of trevidle with the posterior
tilt of the scapula opens up the acromion to prevent impiregeraf tendons of the
rotator cuff, and consequently, the range of motion of threvéwd flexion becomes
wider. In place of axial rotation of the clavicle, we can dgsihe ball-and-socket

joint itself to provide a sufficiently wide range of motion.
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Chapter 3

Robot Design

Based on the findings on the biomechanics of the human shotheefirst
goal of this study is to design a kinematic structure thatpsuis natural mobil-
ity and a wide range of motion of the upper body especiallyadothe shoulder.
For kinematic compatibility, a shoulder mechanism mustude mobility of the
shoulder girdle as well as that of the glenohumeral joint. RHAONY’s shoulder
kinematics has five main degrees of freedom (DOFs) compdstutee DOFs at

the glenohumeral joint and two DOFs at the shoulder girdle.

The design also aims at a bi-manual structure for a bilatesaling that
enhances rehabilitation results depending on the clistals of patients [154].
Designing a bi-manual structure requires more than a maopy. Both sides of
shoulder mechanisms must be designed to avoid interfematiteach other during
shoulder abduction. A controller also needs an algorithevumd a self-collision
between arms. Also, the design pursues a stand-alone catfgguwithout a large
fixed frame on the floor or wall for extensibility. For exampdereaching movement
of the arm is accompanied by an inclination of the torso inthgaubjects|[128].
A stand-alone system can be easily extended to be combintbdaviiack-support

mechanism to generate motion of the torso.
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The final design of the exoskeleton robot consists of a 14edsgof free-
dom (DOFs) bi-manual structure with five DOFs on each shoutolee DOF for
each elbow, and one DOF for each forearm, arranged in a stané-structure.
The shoulder mechanism is fully actuated by five active goattached to a kine-
matic structure of a set of revolute joints and a paralleagrwhich provides a
good kinematic compatibility and a wide range of motion. Tesign details are

described in the following subsections.

3.1 Shoulder Mechanism

The glenohumeral (GH) joint can be approximated as a balsarcket joint
because the humeral head rotates inside the glenoid foska stapula with neg-
ligible translation|[148]. A ball-and-socket joint is kimatically equivalent to a
serial chain with three rotational joints whose axes irgetrat a single point. When
the serial chain is placed alongside the shoulder, kinenesatinpatibility requires
that the intersection point of the serial chain co-locatéh e center of rotation
(COR) of the GH joint. This constraint is critical for miniming undesirable joint

stresses that may cause pain or facilitate subluxationeoGtH joint.

3.1.1 Shoulder Girdle M echanism

A scapula-like mechanism, as illustrated in Figurd 3.1 |d¢o@nslate the
ball-and-socket mechanism. The scapula-like supportactatd to the outside of
the scapula follows the scapular rotation and translatidowever, the scapula-

like supporter requires many degrees of freedom to conodbetground because
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Figure 3.1: A prototype with a scapula-like shoulder ginsiechanism, which fol-
lows scapular motion well, but requires excessive degrééeedom to connect
the ground

of the complexity of the motion: three-dimensional rotatand three-dimensional
translation along the curved scapulothoracic gliding eldn addition, it is difficult
to connect the supporter to the scapular securely becalséhemosterior surface

of the scapula is exposed and there is little room to conheatrtechanism.

The ball-and-socket joint mechanism must follow the tratighal motion
of the glenohumeral joint induced by the motion of the sheutgirdle to match the
center of rotation of the ball-and-socket mechanism witt tf the glenohumeral
joint. A clavicle-like kinematic structure is potentialey simple solution because
it needs only two revolute joints as shown in Figlre 3.2a. fits¢ joint, J1, du-
plicates the shoulder elevation and depression and thadgaimt, /2, duplicates
the shoulder protraction and retraction. A prototype wité tlavicle-like shoul-
der girdle mechanism (Figufe_B.2b) was built and tested lidate its kinematic

compatibility. The mechanism provided enhanced mobiliong shoulder eleva-
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Figure 3.2: A clavicle-like shoulder girdle mechanism: ¢ahematic view of the
mechanism, and (b) a prototype. Kinematic tests with th# prototype revealed
that motion in J2 did not match with protraction and reti@citof the shoulder.

tion and depression; however, shoulder protraction amdatbn was limited due
to the constraint from the girdle mechanism. This constrstiems from the kine-
matic discrepancy between the shoulder and the mechanisseddy the offset
between the center of rotation of the shoulder and that ofrtéehanism as shown
in Figure[3.2a.J2 may locate above the head to coincide with the axis, but this
configuration restricts the range of motion of bi-manualwadtihn because of the

collision between joint/2s at both sides.
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ered as the motor input, point P as the center of the GH joirdt,@int O as the
center of rotation for protraction and retraction.

3.1.2 Paralldogram in the Girdle Mechanism

To resolve the kinematic discrepancy in protraction angotion, we devel-
oped a shoulder girdle mechanism equipped with a four-ballpbbgram linkage,
which is capable of shifting circular motions. Figlrel3.8wk the principle of the
shifting with a parallelogram mechanism. The circular motof point P can be
shifted in any direction depending on the shape of the bravidle the radius of
the circular motion remains unchanged, which is the sameragh!/ of the link
in the parallelogram. If the ball-and-socket joint is cocteel to the branch, point
P can be considered the center of rotation (COR) of the lpaliscket joints. By
replacing axis/2 in Figure[3.2a with the parallelograg2 J2' J2” J2" in Fig-
ure[3.4, the whole ball-and-socket mechanism translatehatahe COR of the

ball-and-socket joint follows a circular trajectory witkgpect to the actual COR of
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the shoulder for protraction and retraction. Consequeatigompact form factor
is maintained; the shoulder girdle mechanism provides pottraction-retraction

and elevation-depression with a good kinematic compétibil

3.2 Ball-and-Socket Joint

For a ball-and-socket joint, many exoskeleton roboticeaysthave adopted
a serial chain with three revolute joints (Figlrel3.5a, bivwar revolute joints with
a large circular bearing that encircles the upper arm (Ei@Jc) [5, 16, 114, 104].
Each configuration has different mechanical charactesisti terms of singularity
and range of motion (ROM). For example, the ROM of shouldeluabon in the

first configuration is limited mainly by a collision betweanirjt /4 and the shoul-
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Figure 3.5: Examples of the serial chains representinganstof ball-and-socket
joint.

der or the head, while the second configuration is limitednigaby a collision
between joint/3 and J5. The third configuration (Figure_3.5c¢) could provide a
larger range of motion for shoulder abduction than the twovalbut the encir-
cled structure around the upper arm may cause interfereribetlve upper torso
during various arm movements when the upper arm comes dioske torso. In
all three cases, mechanical singularity occurs when treethxkes lie in the same
plane although the arm configuration is different in eactecds Figure 3.b, the
first mechanism approaches singularity at extreme shohtat&ontal flexion with
shoulder internal rotation that is already out of the ranfjmotion for activities
of daily life (ADL) [94]. Similarly, the second mechanism@paches singularity
at extreme shoulder adduction with shoulder external imtahat also rarely oc-
curs. On the other hand, the third mechanism approacheslaiitg with shoulder

forward flexion at 90 degrees.
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Figure 3.6: The optimized mechanism for the GH joint in thghtishoulder: (a)
isometric view, (b) top view, (c) rear view, and (d) plane diion.

We adopted the first configuration (Figure]3.5a) becausesadbitlity to
provide a wide range of motion. To further enhance the rarfgaaiion while
avoiding singularity, three axes are positioned with ant@@ngle to each other

instead of a perpendicular arrangement (Figure 3.6).

Accordingly, the joint at the top of the shouldéH, is aligned to the vertical
axis with an angle outwards and backwards. In addition, &giss aligned to
the sagittal axisc — = with an angle outwards, so that joirtl is leaning toward
the back side of the shoulder during shoulder abduction aaiis collision with
the shoulder or the head. For design simplicity, the ort@meof joint J5 at the

default pose with relaxed arms points in the direction oftthasverse axis — z.
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Figure 3.7: The 3-DOF ball-and-socket joint. An obliqueaagement of joint/4
provides a clearance with the head during abduction (a) asta clearance with
the upper arm during forward flexion (b). The bigger valueshef anglesa and

b (smallera. and 8 in Figure[3.6), the smaller the range of motion of the interna
rotation due to the singularity amongg, J4, and.J5 (c). In the case of very large
~ in Figure3.6 (less margin at angle c), the range of motiohefixternal rotation

is limited by the interference or singularity between thiejo’3 and.J5 (d).
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Anglesa, § and~ are determined based on the shape and volume of the actuators
on the joint, and on the trade-off between a large abductigiesand avoidance of
singularity. Figuré 3]7 shows an example of the relatiomsietween those angles,
range of motion and singularity. When angleand g are smaller, axis/4 lies
further outwards and backwards from the shoulder, whererlearance is ensured
betweenJ4 and the shoulder at high abduction angles (Figure 3.7a) atwielen

J4 and the upper arm at high forward flexion angles (Figuré 3. H)wever, a
smaller angle restricts the range of motion of the arm posdtbint of the torso
(Figure[3.7c). A larger angle of in Figure[3.6 secures more clearance for axis
J4 during the abduction, but the larger angle limits the ranigexternal rotation
because of the interference or singularity between jéihand.J5 (Figure[3.7d).
With the angles between the axes, the distance betweentdrsanting point and
each joint also affects the range of motion. Especially, R&iMilateral abduction

is mainly limited by a collision between both sides.bf, which is facilitated by
the increased angle of1 during the coordinated motion of the shoulder girdle
mechanism. ROM of unilateral abduction is mainly limited thye interference
between.J4 and the ipsilateral shoulder. A higher position.6f increases the
angle where the interference in the unilateral abducticcurs; but reduces the

angle where the collision in the bilateral abduction occurs

The 3D interactions between complex surfaces of the humdw lagtuator
units, and linkages are impossible to model accurately,mgak difficult to use a
numerical optimization technique. So, we used a number epBiited mock-ups

to determine the parameter values for the mechanism that nes large range of
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Figure 3.8: A new mechanism for supporting pronation andratjon of the fore-
arm: (a) the kinematic diagram, and (b) the prototype of tleetmanism.

motion.

3.3 Forearm Mechanism

To support rotational motion along the longitudinal axisthe body seg-
ment, such as pronation and supination of the forearm, weldegd a new mech-

anism with a light and compact structure. In many wearalidets) such rotational

motions are generated by a curved rail bearing/[114] sudimgrthe arm segments.

However, this bearing is generally bulky and heavy, andapokssibly restrict the
range of motion of the arm in a situation where the upper armewnalose to the
torso. Figuré 318 shows our new mechanism that generatssihe motion with a
curved linear bearing. This mechanism consists of a p&wgham and a transmis-

sion that transfers the rotation of the link in the paraligéon to the handle. Pulley
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1 rotating with the link in the parallelogram drives the tingibelt connecting pul-
ley 2. Pulley 2 is grounded via a bearing to the branch extigiftiom the other
link in the parallelogram. Then, a handle or a wrist mecharagtached to pulley 2
revolutes along a circular path and simultaneously spiositatihe axis of pulley 2.
The transmission can be either a timing belt, a gear traim@uiliary parallelo-
gram as long as it delivers the same rotational directioh wit-to-1 gear reduction
ratio. This mechanism is potentially light and easy to huidhother mechanism
for supporting rotation along longitudinal axis has beespnted previously [137]
but the underlying kinematics of our design is distinct fesg in a more compact

structure.

3.4 Final Kinematic Design and Alignment

In the final kinematic design of the shoulder mechanism (fei@u9), joints
J3, J4, and J5 consisting of the ball-and-socket joint are arranged atlaigoe
angle to each other, thus increasing the range of motiorevawbiding mechani-
cal singularity within the workspace of the upper limb. Tral4and-socket joint
connects the shoulder girdle mechanism, consisting of ewelute joint.J1 and
parallelogram.J2, which translates the ball-and-socket joint along theettary
of shoulder protraction-retraction and elevation-degites The distance between
both sides of/1 and length of the link in the parallelogram are adjustabla&bch
shoulder size and radius of the shoulder girdle motion. Tgpetarm and forearm

segments are also adjustable for a wide range of subjectdiothnsions.

Alignment between the robot and the human body is importacesmis-
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Figure 3.9: The final kinematic design of the shoulder megman The three ad-
justment parameters a, b, and c allow to align the centertafiom of theball-and-
socket joint with that of the subject’s glenohumeral joint.

alignment may cause undesirable stress on the subjectsulogkeletal system.
The center of rotation (COR) of the ball-and-socket jointehas that of the gleno-
humeral joint in terms of three parameters: ‘a’ elevatiorthe shoulder mecha-
nism, ‘b’ distance between both sides.bf, and ‘c’ gap between the back and the
shoulder mechanism. Adjustment for parameter ‘a’ and ‘ceiatively straight-
forward if a therapist recognizes the COR of the glenohufmenat by palpation
and visual observation. The shoulder width is also easijysadble by fitting the
both-side upper-arm cuff to the body. However, the ratioveen the length of par-

allelogram and subject’s shoulder width needs to be inyattd through a human
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subject study. For example, around 60% of the distance legttlee sternoclavicu-
lar and acromioclavicular joints was acceptable for a gandrkatic compatibility

throughout a number of individuals in our trials. Using sachatio, adjustment
of shoulder width and parallelogram length can be done bytiome measurement
of subject’s shoulder dimension. The adjusting mechanisthé current system
is realized by a sliding mechanism with a lock, but a quickuatipent mechanism

may need to be developed to reduce setup time in the clinpgdication.

Adjustment process requires to measure subject’s bodygikeling shoul-
der width and sitting height at the beginning of rehabii@afprocess. The torso of a
hemiparesis patient is usually lopsided, and both sidegldars are unleveled. So,
body size measurement needs to be done carefully for heesiggratients. The
torso needs to be fixed with respect to the ground of the skouatgchanism for

alignment, and a harness is required to support the torse évdzrted.

3.5 Actuation Type

Rehabilitation robots frequently provide force or impetiased thera-
peutic trainings such as impedance-based resistant sesif3] and force field-
based trainings [6, 111]. For example, robots with forcetrmrcan render an
aquatic therapy-like environment with an active gravityngensation for the weight
of the robot and full or partial weight of users while allogioser-driven free mo-
tions with or without viscous-like resistance [74]. An dhezal motor permits qual-
ity of force or torque control with several configurationgsas the direct-drive, a

geared motor with a torque sensor, or a series elastic act(fEA). The direct-
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drive does not satisfy our design goal because of the ragemefor a large-size
motor. A geared motor offers a compact size but usually néadforce feed-
back through a load-cell or spring. We adopt series elastigators (SEAS) to
generate various force and impedance-based therapeeticises because SEAs
offer precise and stable force control with robustness fauilsive external distur-
bances|[118]. SEAs are also capable of producing a very lgpedance! [161],

which is essential to encourage user’s voluntary movements

3.6 Fully Constructed System

Figured:3.11 shows the final CAD design of HARMONY and the carced
system. The robot is equipped with series elastic actuéBiEas) at all 14 axes,
linkages with an adjustable length, and four multi-axicéstorque sensors at the
interaction ports of the wrist and upper arm. A wrist cuff drahdle are commonly
grounded at the force/torque sensor in the wrist. A chestdsar attached to the
frame is used to support the torso. Each actuator is a compacy SEA designed
previously [33] and modified with a torque-type brushlessi@or (Maxon Mo-
tor, EC Flat series) and a Harmonic Drive (Harmonic Drive LLESD Series).

Specifications including continuous torque of SEA appediainle[3.1.

The robot is operated by a real-time control system runnihgwax patched
with RT-Preempt (Figure 3.12). The customized motor deven the motor of the
SEA, communicating with the Linux system via EtherCAT. Awaprogram on the
Linux system manages the EtherCAT communication with aliarsoand sensors,

and low-level controls such as torque control. The servegiam runs simultane-

34



Figure 3.10: The CAD drawing of the upper body exoskeletdotavorn by a user

ously with a C++ code that contains a high-level control bynownicating via a

shared memory interface.

Safety is ensured mechanically by emergency stop buttarthéauser and
the operator and by hard stops at every joint. Additionadtyeeatures are added at
a software level to limit a range of motion, avoid self-csithin, limit joint velocity,

or stop the robot at an excessive interaction force/torque.
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Figure 3.11: The upper body exoskeleton robot

Table 3.1: Specifications of HARMONY.

List

Value

Continuous Torque

Torque Bandwidth
Backdrivability
Robot Weight
Control Frequency

34.4 Nm @ shoulder
13 Nm @ elbow
1.25 Nm @ wrist
7 Hz
less than 0.3 Nm @ 0.6 rad/s
31.2 kg excluding the frame
Up to 2000Hz
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Real-time OS

Control code

Shared

memory ()
Server program Motor Driver Motor Driver
Torque controller | I | I
EtherCAT comm.
EtherCAT
Testmanager YAML
g Config. file

Figure 3.12: The software platform controlling the uppedy exoskeleton. A
GUI interface (Testmanager from Etherl®to visualize parameters and a C++
environment is available. A YAML file is used to configure pakders at the start
of the server program.
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Chapter 4

Robot Modeling

In order to develop a control algorithm involving a feedviiard torque that
compensates for the robot dynamics, an inverse dynamiclrabithe robot needs to
be formulated. We present a methodology for modeling kirtermand dynamics
of the robot that includes the unconventional parallelogjaint and adjustable-
length links. Before the robot modeling, the dynamics ofgbges elastic actuator

is first formulated.

4.1 Dynamics of SEA

In an SEA, usually a spring locates between its output shaftaaload so
that the deflection of the spring directly measures outpuefor torque. However,
the SEA in our robot adopts a flipped configuration in which @ngplies between
and the stator of the motor and the ground as illustratedgare[4.1a. This con-
figuration has the advantage of constructing a compacttS$EA unit [110] and
a compact actuation unit is critical for a large range of mtiavoiding interfer-
ences between actuators and links. In this configuratiedéflection of the spring
does not directly measure the output torque due to the dyasamihithe motor unit.

The brushless DC motor with Harmonic Drive is grounded tolthse via the ro-
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Figure 4.1: The flipped configuration of the series elasttoator: (a) the illustra-
tion of the SEA, (b) the equivalent mechanical system

tary spring and two encoders measure the deflection of tlegsand the position
of the output shaft with respect to the ground, respectivEigure[4.1b shows a

dynamically equivalent mechanical system. The compliaarak the mass of the
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stator unit of the SEA is analogous to those of the fulcrunheflevel system. At a
static equilibrium, the deflection of the spring directlylicates the output torque,
but movement of the masses in the input and the fulcrum adgsanuic force to

the torque output.

The deflection of the spring does not directly indicate terqutput in the
flipped SEA because of a dynamic force from movement of theomatit. At a
low frequency, however, the spring torque would approxertae output torque.
To compare the measured torque from the spring deflectiortrendctual torque
output, the dynamic equation of the SEA is formulated towake the actual torque

output. Dynamics of the rotor and the stator of the motor ar®kows:

I (Omss + 05) + Conlimss + fra + Tt = T (4.1)
Jbs + Kooly = (N + )Ty — T (4.2)

Nty =T, 4.3)

Omss = N (05 — 0,) (4.4)

whered, andd, represent the displacement of the stator and output shtftre4
spect to the ground, respectively afig;, is the relative displacement of the rotor
with respect to the stator. The rotation of the output of tlaerkbnic Drive is in the
opposite direction to that of the input. Motor torqug delivers a load torque,,,

to the Harmonic Drive, overcoming the acceleration of theravith moment of
inertia J,,,, dampingC,,, and friction f,, in the Harmonic Drive. The load torque
amplified by gear ratidV is transferred to the output while accelerating the stator

unit J, and deforming the spring with stiffne$s,.. When the output shaft is fixed
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(6, = 0), the output torque can be expressed as
Ty = —(Jogbs + Cogls + fra + Kby (4.5)

whereJ,, andC,, are the equivalent moment of inertia and damping coeffidmmt
the rotor and the stator unit. The negative sign of the torgukie to the opposite
directional output of the Harmonic Drivie. 4.5 indicatesttiie output torque differs
from the spring torque because of the dynamic force of theomanit, but the

difference would be negligible when the frequency of thgtercommand is low.

The difference is shown in Section 6.

4.2 Forward and Inverse Kinematics of the Shoulder Mecha-

nism

The shoulder mechanism contains a parallelogram, whichnmsuléi-link
structure but still provides a motion of one degree of freedso that it can be
treated as a joint with one joint variable. However, a patafiram is not defined as
a joint such as a revolute or prismatic joint in the convemiaobotic kinematics;
therefore, we need to define forward and inverse kinematigssa the parallelo-
gram. The oblique arrangement of the ball-and-socket migst complicates the
calculation of inverse kinematics. To address these pnahleve have developed a
methodology that includes attaching frames and performaugdinate transforma-

tions across the parallelogram and the ball-and-socket. joi

Figurel4.2 shows the coordinate representation of the deoatechanism.

For the simplicity of calculation and angle representaticordinate 2 is placed
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2 | Sagittal axis Frontal axis

Figure 4.2: The coordinate representation of the kinersatithe shoulder mecha-
nism. The i-th axis4;_,) is aligned to joint/: and frame 0 is grounded. Axis of
frame 2 locates at the center of rotation of the ball-andstoint instead of at the
common normal of axis; andz,. Values ofa, 3, and~ are 60, 60, and 18 degrees,
respectively.

at the center of the ball-and-socket joint. This is a devratirom the standard
Denavit-Hartenberg (DH) convention with which coordin&tevould be off the
center of rotation of the ball-and-socket joint while theetcoordinates follow the
DH convention. In this case, a rotational transformatiothwéspect to axig,: by

angle~ is added to transform coordinate 2 to the intermediate ¢oatel system

of zo/, yo, @andzy, Which is attached to the third link of the parallelogram vehe
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axis z, is connected. Table 4.1 represents the DH parameters amuté¢nmediate
coordinate transformation for coordinate 2

Table 4.1: Denavit-Hartenberg parameters and the rotdtiothe intermediate
transformation for coordinate 2.

[ a; d; Q; 0;

1 0 0 -90 0 (variable)
2 L, 0 -90 0y (variable)
2 rotation with respect tgy by ~

3 0 0 -« 05 (variable)
4 0 0 I5; 0, (variable)
5 Iy 0 0 05 (variable)

Kinematics of a parallelogram is different from that of aagleie joint. Ro-
tation of a parallelogram changes position but not oriémadf the following link-

age. Transformation between frames 2 and 1 is as follows:

[1 0 0 cly —sby 0 Ly

IP=10 cas —sas | PP+ | sy cby 0 0 (4.6)
| 0 sag  ca 0 0 1 0
[y 0 sy

P=1| 0 1 0 |?%P (4.7)
| —sy 0 ¢y

‘P represents the position of point P with respect to coordinafransformation

of the others axes is expressed as

‘ ct; —sb; 0 1 0 0 ‘ a;
“lp=| s, ¢b; 0 0 coy —say | 'P+ 0 (4.8)
0 0 1 0 so; coy d;
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Therefore, the rotational and position transformatiomfraoordinate 5 to O can be

expressed as

gR = 2, Xy Xy Yy 29, X oy 29, X o, Z9; Xy (4.9)

0P =2 RCCP +[1;, 0 0)") + Zg, X0, Zo,[l, 0 0]" (4.10)

R is the total rotational matrix from coordinate 5 to &5, and Xy, represent the
rotational matrix with respect te; andz; by anglef; and «;, respectively. The
intermediate transformatioiy;,, is a rotation matrix with respect tg, by angley
for the transformation between frame 2 to 2P and®P are the position vectors
with respect to coordinate 0 and 5, respectively. Note thetet is no rotational
transformation by anglé, in the total rotational matrix. The rotation by angle

(rotation in the parallelogram) affects only the positiorelculation i 4.10.

Inverse kinematics for the shoulder mechanism convertstigén and the

angle of coordinate 5 into the angles of the joints.

%05 — 8R[l;, 0 07 =° Oa3.4 = Zy, Xy Zo,[l, 0 0)F (4.11)

VIXE XL Z5 2R = Zp, Xy Zo, X Zos X (4.12)

1

%05 and? R are the position of the origin and the angle of coordinate&pectively
and are the known values for an inverse kinematics problehe I&ft side of the
4.11 indicates the position of the center of rotation of tak-bnd-socket joint (the
origin of coordinate 2, 3, 4) with respect to the fixed framicg origin®0, 3 4 is

a known vectorf), , on the right side of the_4.11 can be calculated from the three
equations of the vector components. With the valué, @gndd, known;6; ,6,, and

05 can be calculated by 4.12.
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4.3 Inverse Dynamics

fext

Figure 4.3: A schematic of kinematic and force recursion $ewal chain

The unconventional arrangement of the parallelogramgant adjustable-
length links in HARMONY make it difficult to utilize generalygdamic libraries.
Instead, in this study we formulate the dynamic model usingcarsive Newton-
Euler method with spatial dynamics representation, whicligdes efficient calcu-
lation suited for a real-time control environment![39]. Tiheerse dynamic mod-
eling process consists of kinematic recursion and forcerséen described in Fig-
ure[4.3. Kinematics is calculated through forward recurdiom the base to the

end-effector of a robot, expressed as

0% = %%;_1 + 28,6, (4.13)

04, = %a;_1 + °5,6; + °4,6; (4.14)

where®d;, %a;, and®s; are6 x 1 spatial vectors of velocity, acceleration, and joint
axis, respectively. The left superscript of the parametefsrs to the reference

frame, and frame ‘0’ indicates an inertial reference frarbe right subscript is
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link and joint number in ascending order from the base linkh® end-effector
and the hat indicates spatial quantities. Both spatialcigi@nd acceleration at
the base link are zero in the case of base-grounded roboésl-fBavard torques
are calculated through backward recursion from the eret&ff to the base and

expressed as

Of; =Of 0+ 1%, + %0, x°T,%0, (4.15)

T, = O§Z_ B Ofi (416)

where? f;, °1;, and’; are6 x 1 spatial force6 x 6 spatial inertia matrix, and scalar
joint torque or force, respectively. Spatial force is a jajnantity, and an external
force at the end-effector is equivalent to the force at teevatual joint at the end-
effector as shown in Figufe 4.3 and* express spatial cross and dot product and

details are found in [38].

4.3.1 Jacobian and Static Equilibrium
From[4.138, the spatial velocity of the-th link can be expressed in a matrix
form as
%0, = ["81---98,] {61 ---6,}" (4.17)
O, = ["51---03,] (4.18)
and the concatenation of the spatial joint vectors is theklaa .J,,) of the trans-

formation between the robot’s joint velocities and the spatelocity of then-th

link. From the virtual work principle between joint spacaldask space, the static
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equilibrium between external spatial for‘l:)é6 applied at thex—th link and the joint

torques from 1’ to 'n’ is given as

TTZOif{?iii}ofe (4.19)
or
T, = Ogi B Ofe (420)

wherer andr; are the joint torque vector and scalar, amdns from "1’ to 'n’.

To apply a desired force or impedance at the interactiongitathed on the
n—th link in task space, the velocity of the interaction port reeu be calculated
from the spatial velocity of the link, which is given by 4118)d the desired force
needs to be converted into the spatial form to be uséd id A20en point]3 is
attached at the—th link and point@ is the origin of the local reference frame of

the link, the velocity of poinf is given by

Oup = %o — OP x w (4.21)

0~

o, = [’ 00,7T (4.22)

0y is the velocity of point? with respect to the global reference franfe: and
%0 are the first and the last three components of spatial vglégit of the n-th
link, and are the angular velocity of the link and the linealoeity of point(j with
respect to the global reference frame, respectiv@li. is the vector from poin©

to point]3 with respect to the global reference frame.
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The transformation of an external force or moment into aiapéirm is
given by
Of, = [%5p %50 [F M]" (4.23)

, where

O§F = [OMFT (OpF X OwF)T:|T (424)
O§M = [(_)T O(.UMT:|T (425)

F and®s are the magnitude of the external force and the spatial x@that de-
scribe the line of action and the point of application of tlieeenal force, respec-
tively. Similarly, M/ and®s,, are the magnitude of the external moment and the
spatial vectors that describe the line of action of the e@elemoment’w and®p is

the direction vector of the line of action and the locatiootee of any point on the

line of action.

4.3.2 Spatial Joint Vector of the Parallelogram Joint

Spatial dynamics combines linear and rotational dynanmittcsane expres-
sion and simplifies overall modeling process and calcutat®patial joint vector,
which is a key parameter in the modeling process, definestbetion and location
of a given axis, and well defined previously for a rotationad @rismatic joint but
not for a parallelogram. Spatial joint vector is derivedhe process of describing
spatial velocity of a rigid body, which is originated fromrew theory [4]. Spa-
tial velocity of a rigid body is described by its angular vaty and linear velocity

of a point on the rigid body that is instantaneously coinctdeith the origin of a
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(a) Rotary Joint (b) prismatic joint

Figure 4.4: Spatial velocity of (a) a rotary joint and (b)gonatic joint.

reference frame, expressed as

0y, = ( " ) (4.26)

OHB
wherei 5 is the spatial velocity of body3 with respect to frame 0%p
and®up are the X1 vectors of angular velocity and linear velocity of the arst

point on bodyB, respectively.

For example, the spatial velocity of a rotary joint can beregped as

A~ OW .
Vg = ( 0 ) 6 (4.27)

OB X
where®w andOB are the direction and location vectors of the rotationas axith
respect to frame 0 in Figufe 4]4a, respectivélis the angular velocity of the link

with respect to the rotational axis. The spatial velocitygirismatic joint can be

expressed as

0 = < OQ )7’" (4.28)
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where( and®w are the %1 zero vector and the direction vector of the linear axis
with respect to frame 0 in Figufe 4]4b, respectivelys the linear velocity of the
link along the sliding axis. In the serial linkage with N lsln Figure 4.6, the
spatial velocity of the N-th link is simply a summation of afatial velocities of

the links as

Figure 4.5: An example of a serial chain

W= (0, Sy, )0t (o, S, et (0, 2, )by @29
N — OB1 X Ogl 1 0£2 X 0£2 2 OBN X OgN N .

whereVy is the spatial velocity of N-th link with respect to refererframeryozo.

O, Ogi, andd; are the direction and location vectors of the rotationat axith
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respect to the reference frame, and angular velocity wipeet to the rotational

axis of link ‘I’, respectively.

Although a parallelogram is a multi-link mechanism, it aa$sa joint with
single degree-of-freedom and the spatial velocity of ityimg body can be derived.
Figure[4.6 shows decomposition of the spatial velocity adyo® of the parallel-
ogram. The spatial velocity of bodi can be expressed as a combination of the
spatial velocity of bodyB’ caused by the angular motion in axiand the spatial
velocity that brings body’ to B induced by the angular motion in aXiswhere the
two angular motions are opposite in direction with an ideadtmagnitude. There-

fore, the spatial velocity of the parallelogram can be esped as

0 Owa ) Owb g
Up = < 09, x o, ) 0 + < 09 x O, ) (—0) (4.30)
AL
(®pa — °pp) x w
== 0(‘;2‘ 9

whereip is the spatial velocity of body with respect to frame 0 arftl,, °p.,

%, °py, are the direction and location vectors of axiandb with respect to frame
0, respectivelyd and—0 are the angular velocity in axisandb, respectively. Since
axesa andb are aligned in the same directiohs{ = °w;) the spatial velocity of
body B can be reduced in the form 88,0 in 4.30. Therefore?s; becomes the

spatial joint vector of the parallelogram to be used in theleliog process.
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Figure 4.6: Spatial joint vector for the parallelogram join

4.3.3 Spatial Inertia Matrix of an Adjustable-Length Link

HARMONY consists of adjustable-length links for variousdycsizes. In
non-spatial dynamics, the inertia matrix of an adjustainlke With a complex 3D
shape requires a calculation from a CAD software at evekylength or compli-
cates dynamic modeling process despite of the parallelthgmem. However, in
spatial dynamics, the total inertial matrix of an adjustaleingth link can be eas-
ily updated at variable length without an extra calculatiotilizing the feature of
spatial inertia matrix that supports arithmetic summatioa common coordinate
frame.

ile

U= 0 X (ML ) X 4 X () X (4.31)

The6 x 6 spatial inertia matrix of adjustable-length link ‘P {;) with respect
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i-th local le ngth
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Figure 4.7: Coordinate systems and location vectors fautating the spatial in-
ertia matrix of an adjustable-length link

to reference frame ‘0’ is a sum of the spatial inertia matrickthe two consisting
rigid bodies with respect to the same reference frame asrshod.31]. ie]., and

i2 [, are the two inertia matrices of the two consisting bodie$ wéspect to each
local frame, i1.’ and ‘i2.’, which are located at each center of mass and parallel to
the local frame of link ‘i’ as shown in Figure. Spatial in@rtnatrix is transformed

by spatial transformation and its inverse transformatfgrf( is for transformation

from frame %ij.’ to ‘0’ and expressed as

N 'R 0
0 o 7 3x3
5 | (O x)OROR (4:32)

where?R is the rotational matrix from local frame ‘i’ to referencefne ‘0’. ;.
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is the location vector of the center of mass of body ‘j’ of liikvith respect to the

reference frame, and calculated as
O’I“Z‘jc :O r; + ?R iCij (433)

where®r; is the location vector of the origin of local frame ‘' withspect to the
reference framée'c;; is the location vector of the center of mass of body ' of link
‘i’ with respect to local frame ‘i’ and contains the lengtHwe of the adjustable link.
Therefore, by changing the value of the link lengthdp, the spatial inertia matrix

of adjustable-length link ‘i’ can accordingly be updatedhe dynamic model.
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Chapter 5

Robot Control Design and Stability Analysis

5.1 Design of Robot Control
5.1.1 Control for Baseline Behavior

Voluntary movements of patients in rehabilitation tragare critical to ef-
fectively provoke neuromuscular recovery|[99]. To faeil@ patient’s voluntary
movement without imposing a physical load to the patienth@napeutic training,
rehabilitation robots need to be highly backdrivable anihiméess to the patients
during patient-driving movements. Due to the torque cdlatiodity of the SEAs of
HARMONY, the joints in the robot are highly backdrivable whine zero-torque
value is commanded to the each actuator. However, a patiealdvstill carry
all the physical load from the robot dynamics including itsight during patent-
driving free motion unless the robot dynamics is not propedmpensated. Also,
a major portion of patients with neuromuscular insults ek strength to support
even their own body weight in performing a variety of volugtmotions. Partial or
full supports to their body weight encourage them to mové thedy voluntarily

with a wider range of motion as do in aquatic therapy [9].

For effective controls during rehabilitation intervemtj@ur plan is to model

the robot dynamics and then compensate for the weight actibfral forces of the
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robot, thus making the robot appear weightless and minymeflistive to the vol-
untary movements of patients. An assistive or resistivegfancluding gravity com-
pensation for the patient body weight, then, can be addeuiddoaseline behavior

without major distortion from the robot dynamics.

Another component of the baseline behavior is the couptirgute for achiev-
ing scapulohumeral rhythm (SHR). In rehabilitation preetfor patients with ab-
normal SHR, movements from the robot without a coordinatuith the shoulder
girdle can cause pain, impingement, or injuries on the stesul HARMONY'’s
mechanism allows for powering of the SHR. We have developedgedance
controller that calculated the coupling torque for achmevihe SHRI[66]. Having
the reference angles of the shoulder girdle with respedtdangles of the upper
arm, an impedance controller induces coordinated movesr@érthe shoulder gir-
dle while the movements are compliant to external disturbarsuch as spasticity
to prevent injuries. Therapists might set the stiffnesa@ah the impedance control
to be small at the beginning of therapy for safety and ina&¢las value depending

on patient’s shoulder condition.

Figure[5.1 shows the control block diagram to achieve basdehavior of

HARMONY and(5.1 gives the controller terms.

M@ + C0,0)0+F6+GO) =7+ (5.1)
T = Tcomp + TsHR + Tiask
Teomp = G(0) + f6

TSHR = Ksh<6ref - ‘9) - Dshé
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Impedancs Torque
R
Controller | Tcouple Controller obot
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Figure 5.1: Block diagram of the controller for baseline égbr of HARMONY.
Nonlinear functiort'syg () calculates the reference positidhy(.. s) of the shoulder
girdle mechanism from the angle of the upper afif,k,...m). Fsur() can be
formulated from a curve fitting of data collected in the exaskon worn by healthy
subjects.

whereM (9), C(6,6), F, andG(f) are the inertia matrix, the Coriolis and centrifu-
gal force matrix, joint friction matrix, and the gravitatial force vector, respec-
tively. We assume the joint friction is linear viscous dangpand can be expressed
as a positive definite diagonal matrixandr; are the command torque and interac-
tion torque between the robot and human, respectively. iieeaction torquer;,

is the sum of the user-robot interaction forcéy transformed by their correspond-
ing Jacobians.f;) at the interaction ports{ = > J.TE). Teomp IS @ COMpeEnsatory
torque for gravity and joint friction, and?(@) is the estimated gravitational force
vector. f is a friction compensation matrix of which elements are fpsiand
smaller than the corresponding elements in the joint bictnatrix. 7syr IS the

coupling torque that induces a normal scapulohumeral rhytk’,;, and D,;, are
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the spring and damping coefficient matrices, where only tisedind second diag-
onal components for the shoulder girdle joints are non-zé&twe coupling torque
can be set to zero when a patient does not need the SHR assistassistive or
resistive forces for therapeutic training are added to tasjuer;, .., which is zero

in the baseline behavior.

Atthe baseline behavior, a user can perform voluntary mevgswith min-
imal muscle effort that is just enough to overcome the redithrces including the
inertial forces and remaining frictional forces. In roleotehabilitation exercises,
movements are usually designed to be slow, where the efteutdll dynamic terms
Is insignificant compared to that of gravity [56]. The inaforces of HARMONY
are further diminished because of the series elastic asgititat decouple the ef-
fect of the reflected inertia of the motor rotor [144], whictually produces a major

portion of the inertia forces in a robot rigidly connectedhigh-ratio geared motors.

Compensating more for the residual forces may further ecendime dy-
namic transparency in the baseline control, but may alsease the possibility of
violating stability criteria. Remaining frictional forseafter the compensation help
in ensuring the stability of the robot. Inertia compensatian make the robot into a
non-passive system that can jeopardize the coupled $yadfithe human-robot sys-
tem when, for example, a user introduces a high stiffnessobgontractions [67].
The inertia compensation during user-driven free movemgaguires for estima-
tion of acceleration introducing additional dynamics tbah adversely affect the

stability.
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5.1.2 Control of Coordinated Motion

During scapulohumeral rhythmic motion, the kinematic tielasship be-
tween the shoulder girdle and the humerus is nonlinear, ands/based on dy-
namic conditions such as a load on the hand. Therefore, théddr girdle mech-
anism needs to follow the humeral motion with a variableoratvhile supplying
sufficient force to support the shoulder girdle for the rimyih motion. The refer-
ence position of the shoulder girdle mechanism is deterhinehumeral angle.
However, very low impedance may result in insufficient sufipe force for the
rhythmic motion, allowing excessive variance in the codpieotion. In contrast,
very high impedance may generate excessive reaction forcase of kinematical

mismatch.

The key idea of the control strategy is to introduce a cogptorque to
the shoulder mechanism so that the angular position of theehus induces corre-
sponding elevation/depression or protraction/retracidhe shoulder girdle mech-
anism. A simple way of constraining might be to control piositof the shoulder
girdle mechanism with respect to the humeral angle. Howavigh this scheme
even a small amount of kinematic variation in the coordida®tion would cause
an excessive residual force leading to undesirable ssess¢he musculoskeletal
system around the shoulder with the risk of injury. On thesottand, low coupling
torgue would not be sufficient to induce the coordinated ambecause of force

requirement to overcome robot dynamics, including grafatge.

Coupling torquer,.,.. for the rhythmic motion is generated based on elastic

and damping force with respect to the reference trajectyy,{;). The damping
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coefficient () for a critical or slightly over damped behavior in the stdmrlgirdle
mechanism would be preferable for comfortableness witkidaratory behaviors.
The stiffness k) of the elastic force is opened to regulation within a lirditange
depending on patient’s conditions or clinical progress.il&the maximum stiff-
ness value in the controller level is limited to avoid an essdee induced force to a
patient, therapists may set a low value at the beginning mergéase it, monitoring
patient’s pain during trial movements of the upper arm. Bond-'s ; z defines the
angular relationship of the scapulohumeral rhythm betwbkerangular position of
the robot’s upper arnd(,,., ..») and the reference position of the shoulder girdle
mechanismd;_..r), we adopt the previous experimental data and modify itHer t

exoskeleton to match with a normal scapulohumeral rhythenlafalthy subject.

5.1.2.1 Angular Position Corresponding to Scapulohumeral Rhythm

To calculate the reference angle of the shoulder girdle em@simn, this re-
search adopts the angular relation between the humerushanshoulder girdle
during humeral elevation from the previous study [7] witlk thodification of the
angular representation for our robot and update the caaftifor better comfort-
ableness. The angle of the elevation and depression of thddgr girdle with

respect to the elevation of the humerus is
B. = 0.00367 + 0.0850, (5.2)

where, 5, and . are the angle of the humerothoracic elevation and the should
girdle elevation in degrees, respectively. Figl 5.2 shdvesconversion between the

angular representation of the scapulohumeral rhythm, e dotational matrix and
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(b)

Figure 5.2: The angular conversion between the humeratlwoetevation and the
position of the robot: (a) humerothoracic elevation, ardt{b position of the shoul-
der girdle with respect to the reference frame.

the angular representation of the robot. The conversioxgsessed as

B = cos™ ("bys) (5.3)
Oam5
Y = —sign(®cys)cos Tt | ———n (5.4)
1 — (%b,5)?

0° < B < 170°, —30° < v, < 150° where,v, is the angle of the humerothoracic
elevation plane[’a,s °b.s5 Ocz5]T is the first column of the rotational matrix from
frame 5 to 0 {R). Once the humeral elevation is identified from the positbthe
robot, the reference angle of the shoulder girdle mecharssralculated from the

equatiori5.2. From the fact that rotation of x-axis (whiclnigially coincident to
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Figure 5.3: Scapulohumeral rhythm of the shoulder durirduabon. The circu-
lar dots indicate the center of rotation of the glenohumgmialt before and after
abduction

X)) along the two passes are the same, that(s)Z(0,)x = Z(8.)Y (7. )x.

91 = ﬁc (55)

R sin(7.)
0y = sin™* (cos(@l)) (5.6)

where,~. is and the angle of protraction and retraction of the shoujitelle. 6,
and#, are the reference angles of the shoulder girdle mechanidme. htimeral
position with respect to the thorax (humerothoracic elevats usually defined by

as shown in Fid. 5]2a.

5.1.3 TheBehavior of the Shoulder M echanism

To evaluate the controller, we first confirmed that the femuvérd torque
with zero-torque command compensated for the majority ef rifbot’s weight

against gravity in every configuration. This allows the usefeel weightless and
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Figure 5.4: Coordinated motion and coupling torque on tloeikter girdle mecha-
nism during shoulder abduction. A user moves the upper arineofobot without

applying force on any another part. The dotted line is theregfce angle of the
shoulder elevation and the solid line is the actual anglénefshoulder elevation.
The heavy line is the coupling torque that induces the coatdimotion

very low resistance to drag the exoskeleton. Then, the ocaypbrque was added
to constrain the shoulder mechanism to follow the upperdarknwith the given
angular ratio. Fig. 5|3 shows the center of rotation of tlenghumeral joint shift-
ing along with the humerus during shoulder abduction. Stheaiser has a normal
scapulohumeral rhythm, the exoskeleton imposed no constogthe user allowing
the natural coordinated movements around the shoulder.u¥@ereported com-

fortableness in interacting with the exoskeleton.

We measured the angular trajectory and coupling torquesashioulder gir-
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Figure 5.5: Coordinated motion and coupling torque duringusder abduction
with external force applied on the shoulder girdle mechani& user pushed down
the shoulder girdle mechansim during elevating the upper lark of the robot.
Once the actual angle (the blue solid line) of the shouldeli@mechanism is off
from its reference trajectory (the dotted line), the coupliorque (the black heavy
line) increases. The strength of the coupling torque wispeet to the offset is open
to be regulated based on patient’s physical condition oshioalder

dle mechanism while the operator elevated the upper-akrekternally. Only the
coordinated motion during shoulder abduction is consiérere. The coupling
torque and the angular trajectory of the shoulder girdlehraeism are shown in
Fig.[5.4. The shoulder mechanism tracks the referencectomjeclosely with re-
spect to the angle of the upper-arm link with a nearly zergting torque through-
out the elevation. On the other hand, when the operator epaliforce to the

shoulder girdle mechanism with one hand while elevatinguiyger arm link with
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another hand (replicating a situation that user’s shoulidsran abnormal scapulo-
humeral rhythm with spasticity or abnormal muscle tone enghoulder girdle), the
shoulder girdle mechanism exerts a gentle force to safelyvex the normal coor-
dinated angle as shown in Fig. 5.5. The amount of the coupdirgue with respect
to the angular offset of the shoulder girdle mechansim from reference angle
can be adjusted by changing the coefficients in the impedemagoller. During
therapy, a therapist might set a low amount of coupling tergfthe beginning and

gradually increase the amount depending on patients’ tondi

5.2 Stability Analysis
5.2.1 Coupled Stability at the Baseline Control

The coupled stability is fundamental to guarantee the gaidtuman-robot
interaction systems. Although two subsystems are stadiepiendently, a system
consisting of the two subsystems that are physically caliptean interacting port
can be unstable. A coupled system is stable if all subsystempassive [134].
Therefore, the coupled stability of a human-robot systeguaranteed if the inter-
acting port of the robot behaves passively since the appedygramic behavior of
the human limb is equivalent to that of a passive system [}, T examine pas-
sivity at the baseline control, an energy storage functoioimulated as the sum

of the kinematic energy and the shaped potential energyllas/i
1. . 1- .
V= §9TM9 + §9TKsh9 (5.7)
whereV, M, and K, are the energy storage function, the inertia matrix of the

robot, and the stiffness matrix of the impedance controhen$HR assistance, re-
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spectivelyd is joint velocity, andd is the deviation of joint angles from its reference
angles for the SHR assistance control, where only the figsacond joint angles
are used in the calculation. Having the control lavi_a$ 5.h wie assumption of

G(0) ~ G(0), the time derivative of the storage function at the basdgteavior is

expressed as follows;
V=i Fr =" (F — f) + D) 6 (58)

whereF; andi; are the vector of the forces and velocities at the interagiirts.
Power between the human? F;) and the robot flows through the two interaction
ports at each arm, and the combination of two subsystemsthétidual ports for
passivity formalism appears in the next section. Equati8rsBows a passive map-
ping from human forcé; to velocity i; at the interaction ports becauge — f)

andD,, are positive definite matrices.

Once the robot is shown to be passive, the stability of thetralone can be
easily examined by havirig 5.7 as a Lyapunov candidate fometind taking null of
the human input. The time derivative of the functi®h< —67 ((F — f) + D,,) 6)
Is negative semi-definite, and the invariant set theorer thig radially unbounded
Lyapunov function shows the robot with the baseline coritrdde globally asymp-

totically stable with the invariant set whefle= 0 with all 6 [134].

In practice, although the robot is controlled to be passhve actual behav-
ior may not be strictly passive, rather ‘nearly’ passive ttuson-ideal factors such
as actuator dynamics, model uncertainty, or time-delagediag and controlling.

Such a nearly passive system can be destabilized when cowiphea rigid environ-
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Figure 5.6: Input-output connectivity of two multi-bodytiaulated subsystems in-
teracting with each other at two ports. For example, subgystA and ‘B’ are the

arms of the human and robot, and ports ‘p1l’ and ‘p2’ are thesiglay connections
in the cuffs at the upper arm and the wrist, respectively.

ment which is usually referred to the worst case [22]. Howetvee soft actuators
on HARMONY increase the coupled stability margin becauseciombined stiff-
ness in contact with a rigid environment is bounded by thepdi@nce in the series

elastic actuator [64, 125].

5.2.2 Proof of Passivity

5.2.2.1 Passivity Formalism with a Dual-Port I nteraction

Since each robot arm is attached to the human arm throughmtenxacting
ports at the upper arm and the wrist, passivity formalisnstarh dual port system
is described here based on energy conservation [134]. Wenashat the robot and
human have a rigid connection. Although the connectionairiteraction port, in

reality, is compliant due to the flesh and cuffs, the assunpif rigid connection
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is valid for the proof of passivity of the human-robot couptystem|[54] because
the compliance in the interacting port can be safely assypasesive so omitting it
makes the coupled stability analysis to be more conseepafigurd 5.6 shows the
input-output connectivity of two subsystems interactinthwach other at two ports

in feedback combination. Power balances of subsystémrsd B are expressed as,

VA = égTA — ga (59)

VB = égTB —JB (510)

whereV, and V are the time derivatives of stored energy of subsystenasd
B, where the storage functions are positi#@ndr with subscriptions are the joint
velocity and torque vectors of the corresponding subsystand the multiplication
of two vectors indicates external power input to each subgsys), andgg are pos-
itive scalar functions indicating internal power generatiThe joint torque vectors

are the sum of two interaction forces transformed by coomedmg Jacobians.

Ta = AT AF 4 AT, (5.11)
5 =B, P Fp + PP (5.12)

5], is the Jacobian of subsysterf’ at port‘pi’. °F,,; is the force applied to

subsystemS’ from interaction portpi’, having action-reaction pairs as,

AP =-"Fp (5.13)

AFp=—"Fp (5.14)
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The velocities of the ports are commonly shared by two subgsys converting to

joint velocities of two subsystems separately as,

i1 =404 =PJ,0p (5.15)
ip2 =T 004 =B 00p (5.16)

Using[5.11-5.16, the sum of power balances of the two subssthat the coupled

system is shown to be dissipative as follows,

Va+ Vg = 60ha+ 055 — (94 + 98)
= (AJ;:'CM)T ATV AP+ (AJ;:'CPQ)T AT F
b (P i) PP E - (PTh) PTG E,
— (94 + g5)
= A Fp + iy Foo 4 i PFpy 4 iy Fio
— (94 + g5)

= —(94+98) (5.17)

whereJ* indicates the pseudoinvergg/{ /)~ J7) of each Jacobian. Having only
the dissipative terms, the feedback combination of the wlasgstems interacting

with each other at the two ports holds for passivity fornmalis

5.2.2.2 Passivity of the Baseline Behavior

To show that the robot with the baseline control is passivé waspect to

the power input by a user through the interaction ports, ithe tlerivative of the
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energy storage function in Equatidn (5.7) of the robot isveek.
V= 0TM+ L0TMO+ 0T K 0 (5.18)

Applying the robot dynamics equation and control law in Bopra(5.1) to Equation
(5.18) yields

Vo= 0 (rhm - GO FI-00) + %éTMé TR0

T — T (F = f) + Do) 6 + %GT(M 20 (5.19)
SinceM — 2C' is skew-symmetric [109], we have
V=0T — 6" (F — f)+ D)0 (5.20)
Applying the Jacobians at the ports yields

V=d"F, — 0" ((F - f)+ D)6

, where
T = [5521 xgz}
Fi
= p
! [ Fp? }

t,; and F,,; represent the velocity and force at interacting poi't
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Chapter 6

Experimentswith Robot

6.1 Evaluation of HARMONY

We present experimental procedure and results from twametgperiments
with HARMONY: i) first to test and quantify the range of motiohall the DOFs
and test the kinematic compatibility around the shoulded, i§ second to test dy-
namic performances of the robot. During both experimetis,aseline control

was implemented.

6.1.1 Rangeof Motion

In order to quantify the range of motion, a user was asked tgertite robot
throughout its full possible range. The robot was connetdete user through the
handle and the cuff at the upper arm. The cuff was securelgexiad to the up-
per arm at two points so that the robot followed the rotatind tanslation of the
upper arm including the shoulder girdle motion. Figuré tdves several poses at
the limits of the range of motion. Figure 6.2 shows the ranfigaree-dimensional
workspace of the left arm. The outer cloud of dots indicaleslocations of the
center of the wrist measured by robot’s position sensor;ngurser-driven free
movements. The inner small cloud of dots around the showldews the loca-

tions of the center of rotation of the ball-and-socket jdnainslated by shoulder
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protraction-retraction and elevation-depression duthg free movements. The
workspace covers almost the full range of motion necessargdtivities of daily

living, promising a sufficient range of motion in therapeutaining.

Table[6.1 compares the range of motion of our robot with themalues
of the maximum range of motions of activities of daily livifgDLs) reported

in [94]. The range of motion of the abduction is lower thant thieADLs due to

Table 6.1: Comparison between the measured range of m¢gRa@gs) of the robot
and those of activities of daily living (ADLs) reported in4P The value in the
parentheses in abduction indicates the ROM of abductidm external rotation. In
the case of external and internal rotation of the humeresyidximum ROMs differ
in accordance to arm configuration. The ROM of elbow flexisoahoderately
varies depending on the length of the forearm link. Valuesmdegrees.

Motion ROM of Robot ROM of ADLs
Abduction 118 (170) 131
Adduction 60 54.4
Forward flexion 160 130.5
Extension 45 50.5
External rotation 79 (62) 75.5
Internal rotation 80 (48) 61.7
Elbow flexion 150 (145) 148.1
Pro/supination 172 166.5

the interference between5 and the head; however, the abduction with external
rotation offers a larger range of motion as does the humanldéo The novel
forearm mechanism also provides a range of motion suffid@npronation and

supination. The two joints of the shoulder girdle mechaniswe the range of

72



motion of 50° degrees in elevatior,® in depression20° in protraction, andt5°

in retraction. The range of motion of each joint is restuicky a mechanical hard
stop for safety. During the bimanual operation, the rangmofion of abduction
in the absence of external rotation slightly decreases dtieetinterference of the
shoulder mechanism itself (Figure 6.1c) but other shoulda@ions maintain their

wide range of motion unless both arms interfere each other.

The shoulder girdle mechanism was tested in various movesoéthe up-
per arm, including an independent shoulder girdle motiahanoordinated rhyth-
mic motion. Figurd 6}4 and 8.5 show the translated locatibthe ball socket
joint during motions of the shoulder girdle mechanism. Thechanism follows
protraction and retraction during forward flexion such asaching motion and a
drive motion of rowing exercises (Figure 5.4), and followeation and depression

(Figurel6.5).

6.1.2 Kinematic Compatibility Test

To evaluate the kinematic compatibility of the shoulder heetsm of HAR-
MONY, parasitic residual force and torque at the upper-artaraction port were
measured during humerothoracic elevation. The upper-affiscconnected to the
robot’s bicep via a multi-axis force/torque sensor (ATluistrial Automation, Mini
45), and the cuff is securely connected to the upper partawmeripart of the human
bicep with two stiff rings consisting of inelastic strapslaigid semicircular shells
covered by leathers. The stiff cuff is less comfortable hatvgles a strict envi-

ronment for evaluating the kinematic compatibility. Thejgelohumeral assistance
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was turned off to measure the parasitic forces only from therkatic discrepancy.
Force and torque were measured at several discrete pasitioing a user-driven
humerothoracic elevation along the plane of elevationri@i70° from the frontal

plane while the torso was fixed. Both shoulder protractiash@evation occur dur-
ing the elevation along the plane of elevation that deviata®s the frontal plane.
The experiment was performed for two cases: i) the shouldglegnechanism was
free to move as designed, and ii) the shoulder girdle meshamias locked, and

for each case five trials were conducted.

Figure[6.6 shows the measured forces and torques in the tses.ca he
forces and torques with the full mobility in the shoulder im&gism remain very
low during the elevation. The low values confirm the kinematmpatibility of
the shoulder mechanism. In contrast, in the case of the fixdtegnechanism the

forces keep increasing and it was impossible to raise theahowueS0°.

The low values of residual effects during shoulder elevatnalicate a high
kinematic compatibility. The residual forces are partligorated from imperfect

backdriveability and errors in gravity compensation.

6.1.3 Joint-Space Torque Responses

A preliminary torque controller adopts PD control based lom feedback
from the deflection of the spring. The torque output at sévevafrequencies are
shown in Figuré€ 617 in the time domain. A chirp signal was fed the torque com-
mand, and the frequency response was estimated from thetaatque measured

by the deflection of the spring. Figure 6.8 shows the Bodegfltite torque output,
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where the solid line is the torque measured by the spring leadatted line is the
actual torque estimated from Equatién {4.5). The diffeednetween the measured
torque and the actual torque is unnoticeable at a low freqyusa that the torque
measured by the spring can be considered as the torque otitpeimagnitude of
the output torque is almost equal to that of the command upotara 10 rad/s, and

resonance occurs around 45 rad/s (7 Hz).

The SEA exhibits minimum impedance behaviors when the e@sorque
is set to zero in the torque controller. The minimum impe@andicates the back-
driveability of the robot when a user moves the robot. To meaghe minimum
impedance at zero-torque command, a user was asked to tidataitput shaft
of the SEA with various velocity. The input motion and theqguoe output of the
SEA were measured while the velocity and acceleration optsition input were

calculated in the post process, using a high-order midpl@nvative after filtering.

The results show that the resistive torque during the bagkdrmovements
remains less than 0.4-d and even smaller when a friction compensation is applied.
Figure[6.9 shows the torque output according to the motipatifrom the user in
the time domain. To further reduce the resistive torquelenhiaintaining stability,

a part of viscous frictional torque was positively fed backhie command input
of the actuator. Figure 6.0 shows the backdriveabilityriorpd by the friction
compensation. The joint velocity was conditioned usingsd Grder filter to reduce

the noise from the derivative of the quantized position data
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6.1.4 Task-Space Force and | mpedance Responses

To evaluate the performance of force and impedance conttbecoverall
system, the robot was commanded to produce task-spaces fanckimpedances
at the interaction port located at the middle of the wrist.e Tast joint for the
pronation-supination of the wrist was locked leaving tha & possess six degrees
of freedom. A multi-axis force/torque load cell (ATI Inc.aNo 25) attached to the
conjunction of the end-effector and the forearm link meaduhe forces while the
joint position sensors with the kinematic model measuredtsition and velocity
of the interaction port. Figuie 6.111 shows the robot conéijan and the task-space

coordinate system used in the experiments.

To measure force responses, reference forces were givée twommand
input while the end-effector was fixed to the ground. Fiquig@&hows step force
responses measured by the load cell at the wrist. The fotpaitsuvere filtered by
a moving average with 10 Hz cutoff frequency. The rise timéhefstep response
in each direction was around 22-24 ms for the rise from 0 t&®4.00he maximum
steady-state errors were around 10% at the commanded ihpdt and 13% at the
commanded input of 10 N. A force gauge (OMEGA, DFG55) was tisedeasure
the steady state errors and to offset the forces measurdaedgdd cell because
the measurement by the load cell exhibited drifts and cre&jmpure[6.18 shows
sinusoidal force responses. The time delay of the sinusmdponse was around
0.1 seconds leading to 18 degrees of phase shift at 0.5 Hz. ifffne maximum

amplitude error was around 13% for the commanded amplitii8é\o

To evaluate impedance responses, reference forces camdisg to the po-
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sition and velocity of the interaction port were given to teenmand input, and the

interaction port was pulled along straight trajectoriethie Z-direction.

The interaction port exhibits a minimum impedance beha@ee Extension
1) as an indication of backdriveability when the desirek+sizace force at the
port is set to zero. Figure 614 shows an example of the baekdiility of the
interaction port in the task space when a user slowly puéioibrt back and forth.
The resistive force was around 1-2 N with the peak value ofirrdd2.5 N at the

moment when the direction of the movement was reversed.

A spring-like behavior at the interaction port was impleteehwhere the
resistive force was proportional to the travel distancehefport from a reference
point. The relationship between the force and the positiih kgspect to the refer-
ence point exhibits close to linearity, and the effectivifrstss values are estimated
through a linear regression and exhibit around 11% erroess hs shown (Fig-

urel6.15).

A damping-like behavior was implemented where the resgdtivce at the
interaction port was proportional to the velocity of thetpdihe commanded damp-
ing coefficient was set to 100-8/m and a user pulled the interaction port back and
forth in the Z-direction. The result in Figure 6116 showsttthe forces are corre-
lated to the velocity with the coefficient of 0.96 and the efifee damping coeffi-

cient exhibits around 5% error.

A trajectory control based on impedance was implementethfointerac-

tion port to follow a linear trajectory back and forth repedly. The result shows
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that the interaction port follows the trajectory with a shaaviation while allowing

compliant behaviors to external disturbances as showrgior&i6. 17.

Overall, the commanded task-space force and impedanceibehavere
well reproduced across the six DOFs without a major disiortpromising vari-
ous desired dynamic behaviors for rehabilitation exesciedbe designed. Despite
of some nonlinearities in the impedance responses, thecosét clearly feel the
intended spring-like and damping-like behaviors. Thersrio the task-space re-
sponses mainly originate from the gravity compensatior witcertainty in the
model. In the damping-like behaviors, other factors sucedial forces of the
robot, actuator dynamics, remaining joint frictions alsmiribute to the errors.
The high-frequency noises in the data of the task-spaceiexget are mainly from
the loadcell-type force sensor electromagnetically exiity the motors on but not
from the robot’s behaviors, and users feel smooth reactixeet during the inter-

action with the robot.
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Figure 6.1: Examples of the range of motion of the exoskate{@) maximum
abduction without external rotation. The range becomegetawith an external
rotation, (b) maximum forward flexion, (c) maximum bilateadduction without
external rotation where the range of motion is smaller thai of unilateral abduc-
tion because of the interference caused by the shoulddegirdchanism. In all
cases, humerothoracic elevation accompanies shouldatiele.
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Figure 6.2: 3D workspace of the end-effector (center of thistivmeasured by
the robot’s position sensors during free motion by a userwgadhe robot in the
baseline mode: (a) front view, (b) top view, and (c) side viélle inner small
point-cloud indicates the range of motion of glenohumeggitjtranslation.
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Figure 6.3: Example of a bi-manual operation
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Figure 6.4: Coordinated protraction and retraction of tmeutder mechanism dur-
ing a typical forward and backward arm motion

82



Figure 6.5: Independent depression and elevation of thelddoshowing that the
mechanism follows the motion seamlessly.
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Figure 6.7: Torque responses of the SEA in time domain witlerse frequencies
of sinusoidal reference input. The light and heavy linecatk the commanded and
actual torque, respectively. The force fidelities are 985394.2, and 92.% at 0.3,
0.5, 1, and 3 Hz, respectively.
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Figure 6.9: Torque output at the zero-torque command in tomain. At various
velocities ranging from -0.5 to 0.5 rad/s, the resistivetmr from the SEA ranges
form -0.4 to 0.4 Nm with a strong tendency of linear viscous behaviors wit¥0.8
N-m/(rad/s) of friction coefficient.
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Figure 6.10: Torque output at the zero-torque command witlt#on compensa-
tion. Around 70% of viscous frictional torque (0.6 ¥h/(rad/s)) was positively fed
back to the command input of the actuator. The resistivairgmains within 0.1

or 0.2 Nm except a peak value at the moment when the direction of theement
is reversed.
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Figure 6.11: Task-space coordinate system.
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Figure 6.12: Task-space step force responses with therase5 to 10 N. (a), (b),
and (c) are the step responses at the interaction port of isé iw the X, Y, and
Z-direction in the task space, respectively.
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Figure 6.13: Task-space sinusoidal force responses. &gadncy of the reference
inputis 0.5 Hz with the magnitude from 4to 12 N. (a), (b), aodgre the sinusoidal

responses at the interaction port of the wrist in the X, Y, Zrtirection in the task
space, respectively.
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Figure 6.14: Resistive forces at the interaction port winencommand force input
at the interaction port of the wrist is set to zero and the opulled by a user in

the Z-direction. (a) resistive forces with respect to tifig,user-input position and
velocity of the interaction port.
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Figure 6.15: Stiffness control responses at the intenagimt of the wrist in the
Z-direction. The effective stiffnesses for the commandealdies of 100, 200, and
400 N/m, are 94.5, 177, and 367 N/m, respectively.
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Figure 6.16: Task-space damping-like behavior at the acten port of the wrist
in the Z-direction. The effective damping coefficient foe tbtommanded value of
100 Ns/mis 104.7 Ns/m.
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Figure 6.17: Impedance-based tracking performance angblcmh responses to
external disturbances at the interaction port of the wrsthie task space. The
arrows indicate the points where the external disturbaameapplied.
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Chapter 7

Human Subject Experiment

7.1 Goal

Exoskeleton type rehabilitation robots intend to conteatejoint of the hu-
man body to correctly assist coordinated movements, eixggebetter therapeutic
outcomesl|[90, 98]. However, so far, there is limited dismrssn how to provide
active assistance to the coordinated movements invohaagudohumeral rhythm
around the shoulder in rehabilitation robotics studies.hafe developed an upper-
body exoskeleton that can actively support the full mopitit the shoulder and
control algorithm that assists the coordinated motion adahe shoulder. To con-

firm the benefits of the assistance, a human subject studyeessdonducted.

This chapter presents a study whose goal is to evaluate hewhibulder
mechanism with its control strategy affects the coordidat®vements in the hu-
man shoulder. We compare the biomechanics around the grdaétbre and after
the robot assistance in the presence of an abnormality. @hdtrof this study
will demonstrate the potential of the robot in correctingiatmal scapulohumeral

rhythm (SHR).
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7.2 Method

In this study, we simulate abnormalities in the healthy $therinspired by
common pathology in stroke patients, namely, flaccidity spaisticity. The simu-
lated abnormalities are not necessarily consistent wilstareotypical patterns of
the pathology but are rather used to introduce an alteratitimee biomechanics of
the shoulder analogous to the abnormal patterns. The bluanéers of the shoulder
before and after the robot assistance in terms of kinematidsmuscle activities
are compared to each other to verify whether the robot certbée simulated ab-

normalities as intended.

7.2.1 Simulated Abnormality of the Shoulder
7.2.1.1 Overview of Common Pathologies of the Shoulder in Strokes

The majority of post-stoke patients with hemiplegia expece flaccid paral-
ysis on the shoulder complex at early stages and spasttdayea stages, resulting

in limited mobility, shoulder pain, and an abnormal SHR [189,21].

Flaccidity is characterized by the lack of voluntary musatéivation and
therefore, with the loss of voluntary mobility at the affegtside, the shoulder also
loses its inherent coordinated motion and frequently athgubluxation by grav-
ity pull. Passive range exercises in the early stage are knowrevent immobility
and soft tissue contracture [82]. However, careless hagdaVith disregard for co-
ordinated shoulder movements such as in an overhead pukggise may cause
impingement, rotator cuff rupture, or nerve injuries [163]. During the humeral

elevation, the upward rotation and posterior tilt of thepada and the external rota-
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tion of the humerus prevents the impingement of the supmasyss or the long head
biceps brachii between the undersurface of the acromionhengreater tubercle of

the humeral head.

After a short period of flaccidity, spasticity usually deme$ with shoulder
pain and an abnormal muscle tone around the shoulder. Thelentage inter-
feres with the coordinated motion around the shoulder aioly SHR and further
increases a risk of impingement or nerve injuries if imprap@nipulation is per-
formed during rehabilitation exercises. The muscle tomeid the shoulder fre-
quently induces retracted-depressed shoulder girdle ametal adduction-internal

rotation [133} 108].

7.2.1.2 An Abnormality Inspired by Flaccidity in the Shoulder: Passive Ele-
vation

It would be difficult to suppress or change the kinematiceiefrtormal SHR
in an intact shoulder during a user-active motion, whereradnusubject voluntar-
ily moves, because the highly activated muscles aroundiibigder that overcome
gravity forces from the arm and shoulder weight are diffibmitonstrain. Contrar-
ily, if the arm is passively manipulated while the subjedtyfuelaxes, the muscle
groups around the shoulder would minimally engage in thedinated motion so
that an external force can alter the response of the shogid#e during humeral
movements. The relaxed arm and shoulder may not capturentine eharacteris-
tics of paralysis but may provide an analogous environnaaritie robot assistance

to change the posture of the shoulder girdle because theatt®rces generated
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Figure 7.1: Passive elevation by a overhead pulley withtrabsistance

by muscle activation stay low, and only a small resistancpasive stretches of
muscles and tendons remains. The velocity of passive mawsmeeds to be slow

enough not to generate any stretch reflexes.

While passive ROM exercises are recognized as an essemnéaiention to
prevent immobility or soft tissue and muscle contractuaeeless handling must be
avoided as it may cause shoulder pain or injuries. Overhe#ddypexercises are
known to be undesirable since they can cause shoulder pgimgement, or even

rotator cuff injuries due to ignorance of the support to dtleucoordination/ [103].

We assume that the totally relaxed shoulder in a healthyestidjiring over-
head pulley exercises is analogous to the flaccid shouldemmy that no signif-
icant muscle activity engages in the manipulation of therdimation around the

shoulder. We investigate the ability of the robot to charge doordination of a
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flaccid shoulder by comparing shoulder girdle movementsduain overhead ex-
ercise with conventional overhead pulley and during the'lme&d pulley exercise

with the SHR assistance from HARMONY.

The SHR assistant is tuned to increase the SHR ratio compatée one
during the passive elevation by the overhead pulley. We w©uefi that the in-
creased elevation of the shoulder girdle during the huned¢eghtion did not impose
any pain or constraint to the healthy shoulder. We may exjpattthe increased
shoulder girdle elevation would relieve the pressure betwte undersurface of
the acromion process and the humeral head. However, thig &iauses on testing
whether SHR is altered by the robot assistance during thdnead pulley exercise.

We postulate a hypothesis as follows;

Hypothesis (H1): The elevation of the GH joint with the atsise of HAR-
MONY is higher than that with the overhead exercise pulley@R5).

In the experiment, we apply two different SHR ratios to exanivhether

the degree of the SHR changes by the robot can be even ratjulate

Figure[Z.1 shows the experimental setup for the overheddypekercise.
While the subject is asked to fully relax, an operator puflstive subject’s hand
using an overhead pulley, where the handle is securely ctexhéo the subject’s
hand by a gripping glove (Active Hands, Ltd.) so that the hand forearm can

also be totally relaxed.
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7.2.1.3 An Abnormality Inspired by Spasticity in the Shoulder: Active Ele-
vation

Muscle tone during spasticity phases is partly respongtdriehe abnor-
mal coordination around the shoulder. The force by the neusie constrains
the shoulder girdle in several stereotypical patternsutiolg the one that pulls the
shoulder girdle to be retracted and depressed. If a constggiorce that is similar
to the one from the muscle tone acts on a healthy shouldecotbrelination of the
shoulder may exhibit an abnormality in either kinematicsnuscle activities that
resembles a part of the abnormality in the spastic should@nse an abnormality
is introduced, by measuring whether the robot recovers lteeed biomechanics
of the shoulder, we may assess the potential of the robotsistake rehabilita-
tion for the shoulder with muscle tone. However, any exeessonstraints on the
activated shoulder would impose undesirable stresses astllve avoided in the
experiment for the safety of human subjects. The constgraiave to allow the in-
herent coordinated movements while applying the leastssacg force to change
the biomechanics of the shoulder coordination. In this grpent, differences in
kinematics and muscle activation are investigated duratiyeelevation with and
without the constraints, and the robot assistance in theepe of the constraints.
Also, we do not include the effect of spasticity, which iso@ty-dependent resis-

tance to passive stretch.

We adopted kinesiology tapes such as Kinesio Tapiagd applied it to
a healthy subject to constrain the shoulder against ptodreand elevation. The

direction, tension, and number of layers of the taping wer@ded based on trial
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and error to effectively constrain the shoulder girdle tadteacted and depressed
at rest. Two groups of tapes were applied in vertical andzbatal manner. The
subjects were asked to maintain the posture of retracteddapcessed shoulder
during taping. The origin of the vertical tapes starts fréma frontal surface of the
shoulder and covers the acromion and lateral end of theotdeacross the acromio-
clavicular joint. While the tension of the tape is kept at afhits maximum, the
insertion points of the vertical tapes ran from the middlghafracic spine to the
lumbar. The vertically applied tapes provide pull-downces that induce shoul-
der depression and some of shoulder retraction. The haaltpapplied tapes that
starts from the upper rib cage under the armpit and ends aitkiee armpit run-
ning over the inferior angle of the scapula provide more trangs for shoulder
retraction. Figure 7.2 shows an example of a shoulder cainsudl by the taping,
and the effect of constraining forces that pull down and ltaekshoulder girdle.
Also, the maximum range of motion in abduction and forwargifle are reduced
by the tapes, implying a change in the coordination whicheisdp investigated in

the experiment.

With a healthy subject with taping, the purpose of the expent is to eval-
uate whether the biomechanics of the shoulder is changedtpand if changed,
to check if the robot assistance recovers the altered bibamécs. We postulate

hypotheses as follows;

Hypothesis 2 (H1): the constraint by the tape imposes ardiifee in the
kinematics or muscle activities of the shoulder duringvactlevation compared to

those during active elevation without any constraint QF05).
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Figure 7.2: The shoulder constrained by kinesiology tapes.

Hypothesis 3 (H1): There is a difference in kinematics or chessactivities
between during active elevation without any constraint dmdng active elevation

with the constraints and the robot assistance(P5).

The first hypothesis verifies whether the constraint by tipe iatroduces
an abnormality in the shoulder biomechanics. The secondthggis evaluates
whether the SHR assistance from the robot properly recoleraltered kinematics
or muscle activities. Here ‘recover’ means that there armaaningful differences
in both kinematics and muscle activities between the baseictive elevation and

the active elevation with the constraint and the robot &aEste.

7.2.2 Participants

11 healthy adults (age: 28 3.5, range: 19.7-30.2, five females, nine right-
handed) with no history of injuries or neurological disaslan the shoulder par-

ticipated in the study. The experimental procedure wasaygar by the Internal
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Figure 7.3: The shoulder constrained by taping and an aatimeelevation with the
SHR assistance by the robot.

Review Board (IRB) organized by the Office of Research Suppofhe Univer-
sity of Texas at Austin, and the participants provided wntinformed consent that

was reviewed by the board.

7.2.3 Experiment Protocols

7.2.3.1 Protocol for Passive Elevation

In the passive elevation case, three conditions were apibaseline pas-
sive elevation and passive elevations with two conditiointhe robot assistance.
For the baseline passive elevation, an operator elevagearth of the participants
using an overhead pully while the participants were askeelex their arm and
shoulder as much as possible. The participants were septigghty and the oper-
ator pulled up subjects left hand, which was securely agtd¢b the handle of the

overhead pulley. The range of elevation was from around g@esds to around 120
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degrees of upper arm elevation angle along the plane oftedeviéhat was devi-
ated from the frontal plane by 45 degrees. The upper arm wasnexly rotated
(in lateral rotation) while the forearm was kept verticaltbh@ ground at all time
during the elevation. The speed of elevation was maintaueegl low (around 10
seconds to the maximum elevation) to suppress any veloglityed effects from
muscle stretch of the participants. In the case of the ratmistance, while the sub-
jects were connected to the robot in the baseline contrdi thit¢ SHR assistance,
the operator pulled up the robot handle that was securelgezdad the subject’s
hand, using the overhead pulley in the same way of the prewiase to preserve
the experiment condition except the shoulder assistammee the robot. Two ra-
tios between the humeral angle and the shoulder girdle amgie SHR assistance
were applied to confirm whether the SHR assistance couldat&gthe shoulder
coordination with different SHR ratio values in the conligal The three conditions

for passive elevation are as follows:

e Condition 1: passive elevation by an overhead pulley.

e Condition 2: passive elevation by an overhead pulley in tiesgnce of the

SHR assistance with a relatively high SHR ratio (C1) fromribigot.

e Condition 3: passive elevation by an overhead pulley in tiesgnce of the

SHR assistance with a relatively low SHR ratio (C2) from thleat.
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7.2.3.2 Protocol for Active Elevation

In the active elevation experiment, three conditions wegdiad: a baseline
active elevation, an active elevation with a constraint ke shoulder girdle, and
an active elevation with the SHR assistance from the robtienpresence of the
constraint on the shoulder girdle. For the baseline actiseation, while seated
upright, the participants were asked to elevate their aomgaihe plane of elevation
that was deviated from the frontal plane by 45 degrees. Tingeraf elevation was
from around 20 degrees to around 120 degrees of upper aratieleangle. The
participants were asked to maintain the forearm verticah&oground at all time
during the elevation to keep the upper arm in lateral rotatifter applying kine-
siology tapes to the shoulder girdle, the elevation wasgeded as in the baseline
active elevation except an reduced range of elevation. Tianmize any risk of pain
or injury around shoulder by the constraint, the partictpamere asked to elevate
their arm only in the range where they did not feel any disartdr pain. The same
procedure was applied to the elevation with the tape appleidhe SHR assistance

by the robot. The three conditions for active elevation aréodows:

e Condition 1: active elevation.

e Condition 2: active elevation in the presence of the comdtfeom the kine-

siology tape on the shoulder girdle.

e Condition 3: active elevation in the presence of the comdtend the SHR

assistance from the robot.
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7.2.4 Measurement

We measured kinematic and EMG data around the shoulderelpassive
elevation experiment, the kinematic data was used to caenpar shoulder coor-
dination in the three conditions while EMG data was used tafion that there
was not a prominent muscle activation during the passiveagtn. In the active
elevation experiment, both the kinematic and EMG data weegl @io compare the

shoulder biomechanics in the three conditions.

To measure the kinematics around the shoulder, a motiomEapystem
(Phasespace Inc., Impulse X2) was used with three landraathe upper sternum
(between the two sternoclavicular joints), acromion pss¢c@and olecranon (at the
point where the extension line of the humerus meet at 90 degrieelbow flexion).
We assume that the line from the upper sternum to a point bile\acromion pro-
cess represents the position of the shoulder girdle andrtadérbm the point under
the acromion process to the olecranon represents thegrositthe humerus. The
point under the acromion process was assumed to be the cérgEemohumeral
joint since the point was selected in a way that the definedenahtength was
minimally changed during the humeral elevation. Figuréshdws the angle rep-
resentations of the humeral and shoulder elevatipindicates the angle between
the humeral line and the global vertical line with respecthis humeral elevation
plane.#, represents the angle between the shoulder girdle line angldial hor-
izontal line with respect to the frontal plane of the bodyeTwoordination around

the shoulder was defined as the ratio betw@esndd, .

An EMG data acquisition system (Delsys Inc., Trigno WirelE81G) mea-
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Figure 7.4: Angle measurement from a Motion Capture Systemndd, represent
the humeral elevation angle and shoulder girdle elevatigtea respectively.

sured muscle activation at the upper and middle trapeznisriar and middle del-
toid, pectoralis major, and serratus anterior (Figure. EB)G signals were filtered
by a fifth order low-pass Butterworth filter at 5 Hz and normedi using an MVC
method. In the analysis, only two data groups at the upppegias and anterior
deltoid were used since only the upper trapezius, antendmaiddle deltoid were
evidently activated during humeral elevation, and ther@mtédeltoid exhibited sim-

ilar patterns with the middle deltoid with higher activatilevels.

Synchronization between the motion capture data and EM& was en-
sured in the post process using a spike signal that was geddmaa brief voluntary

movement prior to every measurement.
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Figure 7.5: EMG sensors attached on a participant.

7.25 Dependent Variablesand Data Analysis

The goal of this experiment was to compare the kinematicsaunstle ac-
tivation before and after the robot assistance to the sleoglobrdination with sim-
ulated abnormalities. To statistically compare the raswulie took one dependent
variable for each case. For the kinematics, we adopted a siepa of the curve
of the shoulder elevatiord{) with respect to the humeral elevatiah . The mean
slope was calculated from the data points at every 10 defre®s40 degrees to

100 degrees in humeral elevation angle.

For the dependent variable in muscle activation, we mappedime-base
EMG data to an EMG curve with respect to the humeral elevatingie and adopted
an integration value of the EMG curve with respect to the hafredevation, analo-
gizing work done by force and displacement. The range of tibegration was

between 40 to 100 degrees of humeral elevation angle.

109



30 Baseline Passive Elevation
g Robot Assistance C1

2 ——8— Robot Assistance C2
T 25
c
il
g
3 20
L
Q
©
3 15
@
o
3 10
c
0

5

Ik
0
30 40 50 60 70 80 90 100 110

Humeral Elevation (deg)

Figure 7.6: Averages and standard deviations of the shokildematics in the three
groups of passive elevation for all subjects

The one-way repeated measure analysis of variance (ANOW&)used for
the comparison of each pair when all the data groups of theetbonditions fall
in normality. The one-way repeated measure ANOVA and Witcogigned-rank
test were complementarily applied when at least one of tteegraups of the three
conditions does not follow normality. Outliers are mainta as long as they are

not from measurement error. The significance level was @0&lfthe cases.
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Figure 7.7: Box plots and statistical analysis results efghoulder kinematics in
the three groups of passive elevation by an overhead pulley

7.3 Result

In the passive elevation experiment, the shoulder kinematas meaning-

fully changed by the robot assistance compared to the baspéissive elevation.
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Figure 7.8: Averages and standard deviations of the shokildematics in the three
groups of active elevation

The averaged slope of the shoulder coordination at eachitcmmdhowed an in-
creasing trend (Figuife 7.6), where the shoulder girdletjpos of the participants
were firstly averaged at each humeral position and then,dtevdere connected.
C1 indicates a higher rhythmic ratio than C2 in the SHR amstst. For statisti-
cal comparison, the mean slope of each participant at eautittan was calcu-
lated first and the variances of all the slopes were analyZédw result showed
significant differences in the shoulder kinematics of thedhconditions (F(1.250,
12.497)=48.084, £0.0005, pairwise P values in Figure7.7). Two outliers in the

group of the robot assistance with C1 were included in thayesid since they were
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Figure 7.9: Box plots and statistical analysis results efghoulder kinematics in
the three groups of active elevation

not extreme and all the three data groups including theeystibllowed a normal
distribution. The sphericity assumption was violated, #mel one-way repeated

measures ANOVA was adjusted according to Greenhouse-€3eiss
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Figure 7.10: Box plots and statistical analysis resultshefrmuscle efforts of the
upper trapezius in the three groups of active elevation.upiper pairwise P values
from the one-way repeated measures ANOVA and the lower flmanWilcoxon
signed-rank test.

In the shoulder coordination of the active elevation case résult showed

that there was a significance difference between the comisénad the robot assis-
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Figure 7.11: Box plots and statistical analysis resultshefmuscle efforts of the
anterior deltoid in the three groups of active elevatione Tipper pairwise P values
from the one-way repeated measures ANOVA and the lower flmanWilcoxon
signed-rank test.

tance case while the constraint did not induce a statigtigalficance in the slope of

the shoulder kinematics (the one-way repeated measured/AN&)2, 20)=4.668,
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P=0.022, pairwise P values appears in Figuré 7.9). Dedmtmsignificance, still,
there was a tendency of reduction in the slope by the constrdihe averaged
shoulder kinematics at each condition are shown in Figule Regardless of the
results of the slope, the constraint induced an offset instieulder coordination

downward and the robot assistance recovered the offsepasagal in Figure 718.

In the muscle activation of the upper trapezius, there weoesixtreme out-
liers. The two outliers were due to the higher muscle adtwathan their MVC.
The first outlier that showed around 12®f activation level was included in the
analysis without modification. On the other hand, in the sdaautlier, the MVC
exhibited a significantly lower value than other subject¥®lin the upper trapez-
ius leading around 300 of muscle activation level. Considering the MVC practice
where the subject pushed against rigidly constraint enunent while carrying the
subject’s own arm weight compared to the active elevatiab tarried only the
subject’s own arm weight, we suspected that there was a megasnt error in the
MVC. We conducted statistical analysis with and without mfiodtion on the sec-
ond outlier. In the modification, the MVC of the second outli&s replaced by the

average of the same gender’'s MVCs in the upper trapezius.

With the modified outlier, there was a significant differencehe mus-
cle activation of the upper trapezius between the consteaid robot assistance
case both in the ANOVA and non-parametric methods (painRisa@lues in Fig-
ure[7.10). Without any modification, the non-parametrichodtdelivered the same
result while the ANOVA exhibited insignificance. The comstt did not induce a

significant abnormality in the muscle activation comparedhe baseline active
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elevation. The one-way repeated measures ANOVA (with theified outlier,

F(1.332, 13.319)=7.308, P=0.013, pairwise P values appadfigure 7.10) and
non-parametric analysis (Wilcoxon signed-rank test) wemplementarily used
because the data violated the assumption of normality aththigeextreme outliers.
The sphericity assumption was violated, and the ANOVA wgasidd according
to Greenhouse-Geisser. An extreme outlier was defined asnone than three

box-lengths from the edge of the box in the boxplot.

The muscle activation of the anterior deltoid was not sigaiitly changed
by the constraint or the robot assistance. The one-way rep@aeasures ANOVA
(F(2, 20)=2.076, P=0.152, pairwise P values appears inr&[@ul) and non-
parametric analysis (Wilcoxon signed-rank test) were dempntarily used be-
cause the data violated the assumption of normality, andt#iestical results were

the same.

7.4 Discussion

The statistical result of the passive elevation experinséioived that the
robot could significantly change the shoulder coordinationing passive humeral
elevation. The result suggests that the robot may be abkeststa paralyzed shoul-
der to achieve a proper coordination during robot-drivesspee exercises. The
robot may provide passive ROM exercises in wide ranges wgtoper coordina-
tion around the shoulder, which would reduce a risk of igsiror pain caused by

mal-coordination in the shoulder including impingement.

The limitation of the experiment is that the shoulder coeation that we
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define can be different from scapulohumeral rhythm. Scdputeeral rhythm is

defined as the ratio between the humeral elevation versuspivard rotation of

the scapula, while the shoulder coordination in this stuglgeafined as the ratio
between the humeral elevation versus the upward rotatitmedine that runs from

the SC to GH joint. This is partly due to the limited accesstogurface above the
scapula where the visibility of the markers on the surfaghéocameras is limited
by the blockage of the robot worn around the body. Also, théanalata from the

markers on the surface above the scapula are usually urlestiacause of artifacts
from large skin movements with respect to the scapula [62.nvely still presume
the angle of the line represents the scapulohumeral rhythhis is because the
elevation of the lateral angle of the scapula (elevatiorhefghoulder around the
acromion and AC joint) more than the elevation in the supenmle of the scapula
indicates the upward rotation of the scapula and no majeagtn of the superior
angle was observed during the shoulder elevation. Theretbe changes in the
angle of the line by the external engagements can be redsamrginesentation of

the changes in scapulohumeral rhythm in a certain degree.

In the active elevation experiment, the robot assistanceased the mus-
cle activation in the upper trapezius and scapulohumeydhnh compared to the
constraint case. There was a tendency of reduction botteikittematics and up-
per trapezius activation by the constraint from the kinlegjp taping compared to
the baseline active elevation; however, the constrainidged limited abnormal-
ity in both the kinematics and muscle activation in stataty meaningful ways.

Although an abnormality was not sufficiently introduceck tlesults imply that in
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patient-active elevation the robot might be able to posiyiaffect the shoulder with

an abnormality by neuromuscular disorders.

The reason the kinematics did not exhibit significant déferes by the con-
straint might be that the highly activated muscle aroundsti@ulder to overcome
gravity restricted the influence of the constraining forogdhe tapes. As we were
concerned for the comfort of the subjects during the expemimthe forces from
the constraint may not have been strong enough to changenémétics of the
activated shoulder. However, the robot assistance wag@rtowchange the scapu-
lohumeral rhythm and muscle activation of the upper trapewihile counteracting
the effect of the activated muscles and constraints. Desgpithe statistical in-
significance, there was a tendency of reduction both in therkatics and muscle
activation by the constraint. Also, there were no signifiadifferences between
the baseline active elevation and robot assistance casm tRese facts, the robot
might be considered to be capable of restoring the kineshaticl muscle activa-
tion induced by the constraint to match those in the baselemation. On the other
hand, the shoulder elevator, the anterior deltoid, was igoifgcantly changed by
any condition. This might be because the constraining foeqplied only to the

shoulder girdle proximally after the glenohumeral joint.

7.5 Conclusion

In this chapter, we evaluated the effects of HARMONY andastool algo-
rithm on the shoulder coordination. Inspired by the fladgidnd spasticity of the

hemiplegic shoulder after stroke, we simulated abnormealinh healthy subjects
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during passive and active humeral elevation. In the pasdesxation experiment
that simulated the situation of an overhead pulley exewifie a flaccid shoulder,
the robot effectively changed the shoulder coordinatiomlying an advantage of
the robot in passive ROM exercises accompanying an assistedination. In the
active elevation experiment, the robot assistance ineteasapulohumeral rhythm
and muscle activation of the shoulder girdle elevator (up@gezius) implying an
effectiveness of the robot on correcting an abnormal muesttigation pattern and
shoulder coordination. In conclusion, we confirmed the bdiya of the robot in
affecting the shoulder coordination during arm movemedrtsther investigation is
necessary for examining the efficacy of the robot in poditie#fecting dyskinesia

of the shoulder including the hemiplegic shoulder of a srelbject.
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Chapter 8

Discussion and Future Wor k

The work here was to develop an upper-body exoskeletorecc#IAR-
MONY, with the goal of promoting the efficacy of robotic relightion. HAR-
MONY supports the natural mobility of the upper body with é&matic compati-
bility and a wide range of motion. The robot also provides aimal impedance
behavior that promotes participant’s voluntary movemaeritde serving as a sub-
strate for developing various robotic rehabilitation exses based on force and
impedance behaviors. The shoulder mechanism, one of theHadienges in de-
signing an upper-body exoskeleton, was designed to offearatomical mobil-
ity with five DOFs. The experimental results showed that HARNY supported
a wide range of motion with a good kinematic compatibilityplying that al-
most all types of movements for therapeutic exercises cbaldnplemented in
the robot. The dynamic performance tests verified that thetrexhibits a very low
impedance with well-commanded spatial force and impedaebtaviors. With a
gravity support to patient’s arm weight, the minimum impecawill promote the
chance of voluntary movements from the patient that is a ledyevin maximizing
relearning. Also, a variety of force and impedance-basedotses can be super-
imposed to the baseline status without a major distortiomfthe robot dynamics.

The stability analysis proved that the robot would remaatik in interacting with
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the human body, serving as a critical criterion for safetythaf exoskeleton. In
the human subject experiments, the control for assistiegctiordination of the
shoulder induced desirable changes in the shoulder cadrdimin the presence
of abnormalities. The experimental results suggest theatdbot could shape the
shoulder coordination and guide arm movements with a properdination in the
hemiplegic shoulder with a flaccidity or spasticity. The Sk$®istance is expected
to reduce the risk of injuries that would be from a mal-cooatiéd arm traction, so
that a large dose of passive exercises can be safely pedoifhe control scheme
of the SHR assistance control can be easily extended to ataass for other in-

terjoint coordination.

Nevertheless, there are several mechanical and contrettspf the robot
system that can be improved. For example, the robot body eeigncan be de-
signed to be lighter. The torque and power of the electrigatiomare limited due
to the restricted space at the multi-DOF linkage structuitt & wide ROM re-
quirement. A higher power-to-weight ratio that can be aatieby reducing the
weight will increase the ability to deal with variable derdanncluding carrying a
large load. From the control perspective, the joint-leeetitie response could be
refined, for example, by taking into account the overall agita of the SEA unit
and using a full-state feedback, which leads to better alpfatice and impedance

performances.

The robot is also missing the hand and wrist mobility. Mosictional tasks
of the upper limb recruit the functionality in the hand andsivrLimited functional

recovery after robotic rehabilitation, despite of imprdvaotor control in the arm
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and shoulder, may be partly due to the absence of the refaibiti in the hand and
wrist, as pointed out in the previous review studies [117, 9@versely, without
recovery at the arm and shoulder, functional recovery msy laé limited because
most functional tasks require the hand as an end-effectioe tmrrectly placed or
moved in task space by the arm and shoulder. The right qumestald be whether a
concurrent functional training coordinated from the skleulo fingers is necessary
or not. If so, the robot would need to incorporate a modulgtierhand and wrist
mobility. The correlation between the proximal and distaM@ments in functional

recovery of upper limb remains uncertain and needs to bedumvestigated [79].

So far, this research is limited in showing any evidence thatadvanced
features equipped in the system will enhance motor recoveagher, the results
here show that the exoskeleton may serve as a researchripldtio long-term
clinical studies that are designed to prove or confirm coptaary neurological
findings in motor learning and their effectiveness for relitaion. The advances
of HARMONY in kinematic and dynamic features will allow us tiesign a va-
riety of experimental environments to investigate the @ssan voluntary effort,
type of assistant forces, massed repetition versus varialsk practice, context
interference, explicit versus implicit learning, augneshfeedback, or coordina-
tion that have been extensively discussed in neurologiadies and rehabilitation
research|[75, 10, 133, 192,/68, 50, 157,/115,/83, 26, 11]. Te, daany robotic
rehabilitation protocols have followed a massed repetigaradigm, but its effec-
tiveness has been doubted, especially in retention andhibiérg functional re-

covery [117| 92]. By incorporating implications from thedings in motor learning
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and neural plasticity, we will be able to develop rehaMiiita protocols in HAR-

MONY that maximize motor recovery after neurological ings.

While the development of an effective protocol for motoraegry requires
further investigation, HARMONY with the current controlfnework can be di-
rectly applied to passive range of motion (ROM) exercisas.dxample, we have
conducted a preclinical test of HARMONY with a stroke patifem passive mobil-
ity exercises. The study focused on evaluating the eligyhilf impedance-based
robot-guided passive exercises and therapist-guidedvpaseercises with the help
of HARMONY for gravity support to the patient’s weight. Thanticipant was a
middle-aged male with a right hemispheric stroke (two ysarse the occurrence).
The subject had severely impaired mobility at the left arm simoulder with spas-
ticity and muscle tone. The exercises consisted of severaéments of the arm and
shoulder with the coordination at the shoulder. The coratigdrithm was based on
the baseline control with an additional gravity supporttfog patient’s arm weight
and impedance-based trajectory control. The session wdddreone hour, four
days a week, lasting three weeks in total. The study was wesiigating any
long-term effect of the exercises to draw any data-baseduesions. However, we
observed an increased voluntary mobility under the grasugyport mode, and the
inferior subluxation was significantly reduced due to thavgy support while in
the robot. The patient also reported comfort during rolssisied movements with-
out any pain around the joints. The participating physi@ad therapist also con-
firmed that muscle tone and spasticity were reduced aftgyabsive exercises, and

the scapula exhibited right coordination during humeralioms with HARMONY
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through palpation. Toward the end of the 3-weeks sessiamast confirmed that
the patient started to use unused muscle group (the trie@psyxhibited much less
compensatory torso movements during the resistive exexcl/ith these positive
results, this preclinical test has convinced us that HARMOMas able to provide
a safe and effective passive exercises, and the gravityosupjith the baseline
control that exhibited a minimal impedance could enhandéentary movements in
the impaired arm during the assistance. Although the reswdte confirmed based
on short-term observation, we believe that some of thesiyeosffects of HAR-
MONY may transfer to long-term efficacy leading better rezgy which will be

investigated in the future.

HARMONY has the potential to serve as an assessment platfaheval-
uates motor impairments of patients. Many of commonly ussgssment pro-
tocols such as Fugl-Meyer test (FM) and Chedoke-McMasterk8tAssessment
Scale consist of discrete index scales and rely on the diuggudgment of clin-
ical practitioners. HARMONY can precisely and consistgmtileasure and record
movement qualities, ranges of motion, and forces applieasieys both in joint and
work space. Using the measurement capability of HARMONYmay be able to
develop an assessment protocol that can thoroughly diagnosor abilities. The
new protocol may provide a better insight to motor impairtsetlowing for clini-

cal practitioners to prescribe user-specific exercisesraning goals.
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Chapter 9

Conclusion

This dissertation presented upper-body exoskeleton HARMvith its
kinematic design, modeling and control, kinematic and dyicgerformances, and

human subject study.

In this document, several critical issues on designing adrolling an
upper-body exoskeleton have been discussed, which maydielpilitation robotics
community in developing next generation exoskeletons. Eselts of the kine-
matic and dynamic performance tests confirmed that HARMON¥ designed to
meet the design goals in mobility and physical interactibaracteristics. The hu-
man subject experiments showed the capability of the rabasssisting shoulder

coordination which was stressed as the main feature.

By utilizing the advanced features including natural mibpénd dynamic
behavior, HARMONY would serve as a research platform foredigping control
strategies for upper-body robotic rehabilitation basedeurological principles and
investigating their clinical significances. EventuallyARMONY is expected to
provide advanced rehabilitation practices that furthetancecovery after neuro-

muscular injuries.
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