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Abstract

Children with congenital or acquired neurological disorders often have impairments of
their arms. This includes children suffering from cerebral palsy, stroke, spinal cord
injury or other neurological disorders. The impairment often hampers the child’s inde-
pendence and participation in daily life. An intensive, activity-based and goal-directed
upper limb rehabilitation training is essential for improvement and recovery of motor
function and can prevent deterioration of arm function in children with moderate to
severe impairments. In adult patients with motor or neurological disorders, such as
stroke or spinal cord injury, active robotic assistance is increasingly used to achieve an
intensive therapy and to actively assist and enhance neurorehabilitation. Furthermore,
therapy robots have the potential for accurate assessment of motor function to diag-
nose the patient status, to measure the therapy progress, or to feed back the movement
performance to the patient and therapist in real time. However, there is currently no
actuated robot available specifically designed for the rehabilitation of children with
upper extremity motor impairments.
In this thesis the development, realization and clinical implementation of ChARMin,
the first actuated exoskeleton robot for pediatric arm rehabilitation, is presented. The
thesis was performed at the Sensory-Motor Systems Lab, ETH Zurich, Switzerland in
collaboration with the Rehabilitation Center for Children and Adolescents, Affoltern
a. A., Switzerland and is divided into four main parts.

In the first part of the thesis, the ChARMin robot is presented. The robot was specif-
ically designed to provide an intensive and motivating neurorehabilitative training for
children with affected arm motor function, e.g., with cerebral palsy. It combines par-
allel and serial kinematics to achieve an exoskeleton with six degrees of freedom to
assist and assess the shoulder, elbow, and wrist of the pediatric target group. A mod-
ular design of the robot enables the application to children aged 5 to 18 years. The
parallel structure allows to keep a safe distance between parts of the robot and the
patient and it reduces friction. The whole exoskeleton is highly adaptable to cover the
anthropometrics for the young patients and is applicable for the left and right arm.
A novel passive weight support mechanism allows for a safe operation. Furthermore,
a new audiovisual therapy interface was introduced for ChARMin to motivate active
participation of the child with playful game-like scenarios.

The second part introduces the control approaches implemented to support the pa-
tient’s arm with the exoskeleton. Different patient-cooperative control strategies en-
able free arm movements, assistance as needed and complete guidance of the arm. The
controllers are chosen based on the game played and the skill level of the patient. An
assist-as-needed path control concept is utilized to support complex multi-axis move-
ments on end-effector basis. For specific single-axis training an adjustable joint-based
controller is used. All the controllers include a model to compensate for inertial, grav-
itational and frictional aspects of the robot and a dithering approach to reduce static
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Abstract

friction. The performance of the controllers and the compensation model were tested
and the stability of the different approaches analyzed.

The third part is dedicated to the implemented set of robot-assisted assessments that
encompasses kinematic, kinetic, and timing metrics for measurement of arm motor
function. Before the assessments were integrated into the ChARMin robot, the appli-
cability, safety, reliability, and comparability to clinical metrics was first investigated in
adults. Twenty-four healthy subjects and five patients after spinal cord injury under-
went robot-based assessments using the adult exoskeleton robot ARMin. Five different
measurements were performed with the visual aid of a display. Ten kinematic, kinetic,
and timing assessment parameters were extracted on joint- and end-effector level. The
first results with adult subjects suggest that the measurements are widely reliable and
comparable to clinical scales for arm motor function. Based on these first results, the
five assessment packages were adapted and transferred to the ChARMin platform. Ad-
ditionally, a new assessment was added in which the patient needs to follow a circularly
moving reference on the frontal plane to measure the tracking skills.

In the fourth part the results of the first feasibility case trials are presented. The
ChARMin robot, control, and assessments were tested with five pediatric patients suf-
fering from various neurological diagnoses (stroke, cerebral palsy, and traumatic brain
injury). In different sessions the patients tried the various training scenarios with dif-
ferent amounts of support and robot settings depending on their therapeutic goals,
capabilities, and preferences. The patient characteristics showed a large variety in
terms of age (from 6 to 17 years), arm function, trained side, sex, and impairment.
The ChARMin robot could be adjusted to all the patients. The five patients were
motivated to play various games with different levels of support ranging from free arm
movements to complete guidance. Furthermore, three patients successfully performed
the robot-assisted assessments two times. These first feasibility trials demonstrated
a safe and good applicability of the different training modes to the pediatric target
group. The robot was accepted well by the therapists and the patients. The trials
revealed only minor shortcomings which need to be addressed before the start of the
next extensive ChARMin feasibility study.

In conclusion, the results of this thesis demonstrate a high potential of the ChARMin
robot as an advanced exercise tool for arm neurorehabilitation that optimally chal-
lenges children in the age of 5- to 18-years. Furthermore, the hardware, control, and
assessment methods presented and the results with healthy and affected adults and
young patients can serve as a basis for the future development of end-effector and
exoskeleton-based robotic platforms.
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Zusammenfassung

Kinder mit einer erworbenen oder angeborenen neurologischen Erkrankung haben oft
auch beeinträchtigte Armfunktionen. Dies betrifft unter anderem Kinder mit infantilen
Zerebralparesen, Schlaganfall, Rückenmarkverletzungen oder anderen neurologischen
Störungen. Diese Beeinträchtigungen erschweren oft die Unabhängigkeit des Kindes
wie auch die Teilnahme am täglichen Leben. Ein intensives, zielorientiertes Reha-
bilitationstraining der oberen Extremität mit aktiver Beteiligung ist wichtig für die
Verbesserung und das Wiedererlangen der motorischen Fähigkeiten und kann einer
Verschlechterung der Armfunktionen bei mittel- bis schwer betroffenen Kindern entge-
genwirken. Für erwachsene Patienten mit motorischen oder neurologischen Störungen,
wie zum Beispiel nach einem Schlaganfall oder einer Rückenmarkverletzung, werden
immer öfter aktive Roboter verwendet, um eine intensive Therapie zu ermöglichen und
das Neurorehabilitationstraining zu unterstützen als auch zu verbessern. Zudem bieten
die Therapieroboter die Möglichkeit, die motorischen Funktionen präzis zu messen,
um den Zustand des Patienten zu diagnostizieren, den Therapieverlauf festzuhalten
oder dem Therapeuten und Patienten in Echtzeit eine Rückmeldung zur Qualität der
Bewegung zu geben. Einen aktiven Armroboter, welcher spezifisch für Kinder mit mo-
torischen Beeinträchtigungen entwickelt wurde, gibt es zurzeit jedoch noch nicht.
In dieser Arbeit wird die Entwicklung, Realisierung und die klinische Umsetzung
von ChARMin, dem ersten aktuierten Roboter für die pädiatrische Armrehabilita-
tion, präsentiert. Die Arbeit wurde am Labor für Sensomotorische Systeme der ETH
Zürich, Schweiz, in Zusammenarbeit mit dem Rehabilitationszentrum für Kinder und
Jugendliche, Affoltern am Albis, Schweiz, durchgeführt und ist in vier Hauptteile
gegliedert.

Im ersten Teil der Arbeit wird der ChARMin-Roboter präsentiert. Der Roboter wurde
spezifisch entwickelt, um ein intensives und motivierendes Neurorehabilitationstrain-
ing für Kinder mit beeinträchtigten Armfunktionen, wie zum Beispiel bei infantiler
Zerebralparese, zu gewährleisten. Hierzu wurden parallele und serielle Kinematiken
verwendet, um ein Exoskelett mit sechs Freiheitsgraden zu verwirklichen, welches die
Schulter, Ellbogen und Handgelenk der pädiatrischen Zielgruppe unterstützen und
ausmessen kann. Ein modularer Ansatz ermöglicht die Anwendung für 5- bis 18-
jährige Kinder. Die Parallelstruktur garantiert eine sichere Distanz zwischen Roboter
und Patient und reduziert die Reibung. Das Exoskelett ist in hohem Maße anpassbar
an die Anthropometrie der Kinder und kann für den rechten und linken Arm einge-
setzt werden. Ein neuartiger Gewichtsentlastungsmechanismus erlaubt dabei einen
sicheren Einsatz. Zudem wurde für ChARMin ein neues audio-visuelles Therapiein-
terface eingeführt, um mit unterhaltsamen Spielszenarien eine aktive Teilnahme des
Kindes anzuregen.

Der zweite Teil stellt die implementierten Regleransätze vor, welche verwendet werden,
um den Patientenarm mit dem Exoskelett zu unterstützen. Verschiedene Patienten-
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Zusammenfassung

kooperative Regelstrategien ermöglichen dem Arm gerade soviel zu assistieren wie
nötig, erlauben aber auch eine freie Armbewegung und eine komplett geführte Be-
wegung des Armes. Der Regler wird aufgrund des gewünschten Spieles und der
Fähigkeiten des Patienten ausgewählt. Ein Pfadregler, welcher nur so stark unterstützt
wie nötig, wird verwendet um komplexe Mehrgelenksbewegungen auf Endeffektorbasis
zu unterstützen. Für ein spezifischeres Training mit einzelnen Roboterachsen wird ein
anpassbarer gelenkbasierter Regler eingesetzt. Alle Regler verwenden ein Modell um
Trägheits-, Gravitations- und Reibungsaspekte des Roboters zu kompensieren sowie
einen Dithering-Ansatz (von englisch ’to dither’ - zittern) um die Haftreibung zu re-
duzieren. Die Regelgüte und das Kompensationsmodell wurden überprüft und die
Stabilität der verschiedenen Ansätze analysiert.

Der dritte Teil befasst sich mit den implementierten robotergestützten Assessments,
welche kinematische, kinetische und zeitliche Metriken erfassen, um die Armmotor-
funktionen zu beschreiben. Noch vor dem Integrieren der Assessments im ChARMin
Roboter wurden die Anwendbarkeit, Sicherheit, Reliabilität und Vergleichbarkeit zu
klinischen Metriken bei Erwachsenen untersucht. Mit 24 gesunden Probanden und
fünf Patienten nach einer Rückenmarkverletzung wurden die robotergestützten Assess-
ments mit dem ARMin Arm-Exoskelett getestet. Fünf verschiedene Messungen wurden
durchgeführt und visuell mit einem Bildschirm unterstützt. Zehn verschiedene kine-
matische, kinetische und zeitliche Assessmentparameter wurden auf Gelenk- und End-
effektorebene extrahiert. Die ersten Resultate mit erwachsenen Testpersonen weisen
darauf hin, dass die Messungen größtenteils reliabel sind und sich mit klinischen Skalen
für motorische Funktionen vergleichen lassen. Basierend auf diesen ersten Resultaten
wurden die fünf Assessments angepasst und auf den ChARMin Roboter übertragen.
Zudem wurde ein weiteres Assessment hinzugefügt in welchem der Patient mit der
Hand einem Ziel folgen muss, welches sich in der Frontalebene auf einer Kreisbahn
bewegt, um die Nachfolge-Fähigkeiten zu testen.

Im vierten Teil werden die Resultate der ersten Machbarkeitsversuche mit einzelnen
Patienten präsentiert. Der ChARMin Roboter, die Regler und Assessments wurden mit
fünf Patienten mit unterschiedlichen neurologischen Diagnosen (Schlaganfall, infantile
Zerebralparese und Schädel-Hirn-Trauma) getestet. Während dieser Tests probierten
die Patienten die Trainingsszenarien mit unterschiedlicher Roboterunterstützung und
-einstellung, abhängig von den jeweiligen Therapiezielen, Fähigkeiten und Präferenzen.
Die Patienteneigenschaften waren sehr verschieden hinsichtlich des Alters (6- bis 17-
Jahren), der Armfunktionen, der trainierten Seite, des Geschlechts und der Beeinträch-
tigungen. Der ChARMin Roboter konnte an alle Patienten angepasst werden. Die
fünf Patienten waren motiviert verschiedene Spiele zu testen. Dabei unterstützte sie
der Roboter unterschiedlich stark, von freien Armbewegungen bis hin zu komplett
geführten Bewegungen. Des Weiteren haben drei der Patienten zweimal erfolgreich
die robotergestützten Assessments durchgeführt. Diese ersten Machbarkeitsversuche
bestätigten eine sichere und gute Anwendbarkeit der unterschiedlichen Trainingsmodi
bei der pädiatrischen Zielgruppe. Der Roboter fand guten Anklang bei den Thera-
peuten und Patienten. Die Versuche zeigten lediglich kleinere Mängel auf, welche vor
der grösseren ChARMin Machbarkeitsstudie noch behoben werden müssen.

Zusammenfassend kann gesagt werden, dass die Resultate dieser Arbeit ein grosses
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Zusammenfassung

Potential für ChARMin aufzeigen, als fortgeschrittenes Übungsgerät für die Armneu-
rorehabilitation, Kinder im Alter von 5- bis 18 Jahren zu unterstützen und optimal her-
auszufordern. Zudem können die vorgestellte Hardware, die Regler- und Assessment-
methoden sowie die Resultate mit den gesunden und betroffenen Erwachsenen und den
jungen Patienten als Grundlage für zukünftige Entwicklungen von Endeffektor- und
Exoskelett-Robotern dienen.
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Notations

Abbreviations

AAN Assist-as-Needed
AFG Advanced Force Gauge
AHA Assisting Hand Assessment
ARW Arm Reachable Workspace
BBT Box and Block Test
ChARMin Children ARMin
ChAxis ChARMin Axis Current Control Boards
CIMT Constraint-Induced Movement Therapy
COV Coefficient of Variation
CP Cerebral Palsy
DoF Degree of Freedom
ElEx Elbow Extension
ElFl Elbow Flexion
ElPr Elbow Pronation
ElSu Elbow Supination
ETH Eidgenössische Technische Hochschule

(Swiss Federal Institute of Technology)
FS Full Scale
GHJ Glenohumeral Joint
GMFM Gross Motor Function Measurement
GRASSP Graded and Redefined Assessment of Strength, Sensibility and Pre-

hension
HSAb Horizontal Shoulder Abduction
HSAd Horizontal Shoulder Adduction
ICC Intraclass Correlation Coefficient
IK Inverse Kinematics
MACS Manual Abilities Classification System
MAS Modified Ashworth Scale
MMT Manual Muscle Test
MTS Modified Tardieu Scale
NHPT Nine-Hole-Peg Test
PASCAL Pediatric Arm Support Robot for Combined Arm and Leg Training
QOM Quality of Movement
RCoR Remote Center of Rotation
ROM Range of Motion
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Notations

Abbreviations (continued)

RPM Resistance to Passive Movement
SCI Spinal Cord Injury
SCIM Spinal Cord Independence Measure
ShAb Shoulder Abduction
ShAd Shoulder Adduction
ShER Shoulder External Rotation
ShEx Shoulder Extension
ShFl Shoulder Flexion
ShIR Shoulder Internal Rotation
Std Standard Deviation
TBI Traumatic Brain Injury
VLT Van Lieshout Test
VR Virtual Reality
WrEx Wrist Extension
WrFl Wrist Flexion
3D Three Dimensions or Three Dimensional

Scalars, Vectors, and Matrices

Scalars are denoted by lower case italic letters. Vectors are written in bold and italic
lower case letters. A vector is composed of the scalar elements xi. Matrices are denoted
by bold upper case letters and are composed of elements mij (i-th row, j-th column).

x scalar
x vector
X matrix
XT transposed of matrix X

ẋ, ẍ equivalent to d
dtx and d2

dt2
x
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Notations

Variables

The most frequently used variables are subsequently listed.

p Cartesian coordinates, p = (px, py, pz)
T

pee Robot end-effector position
pNN Nearest neighbor position
vee End-effector speed
q Joint angles, ChARMin: q = (q1, q2, q3, q4, q5, q6)T,

PASCAL: q = (q1, q2, q3)T

q̇ Joint speed
q̈ Joint acceleration
M(q)q̈ Inertial terms of the equations of motion
C(q̇, q)q̇ Coriolis terms of the equations of motion
G(q) Gravitational terms of the equations of motion
J Jacobian
f Forces applied at the end effector, f = (fx, fy, fz)

T

τ Robot joint torques
τ spring Spring torque applied to ChARMin joint axis 2
τ f Coulomb and viscous friction torque of the ChARMin joints
τ comp Torques computed by the compensation model of the robot
τ int Interaction torques between the human and the robot
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1 Introduction

1.1 Background

1.1.1 Relevance of Arm Motor Function

The arms and hands are essential tools to reach, grasp, gesture, feel, touch, feed,
discover, play and have many other important functions. The success story of this tool
started with the bipedal upright walking about 3.6 million years ago [7], which freed
the arms and hands to develop the highly functional, precise, sensitive and fine-motor
tools we use to interact with our environment.
An important phase in humans to develop these motor functions is typically an age
between 4 and 10 years where fundamental movement patterns are refined [8]. These
functions are learned during childhood in close connection with our cognitive skills [9,
10] which highlights the crucial relation between physical grasping and the intellectual
grasping of the world. These versatile arm functions and their acquisition can be
impaired in children with a congenital or acquired brain injury, hampering a normal
development, the participation and independence in daily life, and the experience of
the world. This includes children suffering from a neurological disorder such as cerebral
palsy (CP), spinal cord injury (SCI), multiple sclerosis or another traumatic or non-
traumatic brain injury.

1.1.2 Children with Cerebral Palsy

CP is one of the most prevalent neurological disorders in children affecting up to 2.5
per 1’000 children born in Northwestern Europe [11] and with an overall prevalence
worldwide of 2.1 per 1’000 live births [12]. This is also represented by the impairment
group of the patients in Switzerland, e.g., in the Rehabilitation Center for Children
and Adolescents in Affoltern am Albis (Fig. 1.1). CP describes a group of permanent
disorders of the development of movement and posture, causing activity limitations
that are attributed to non-progressive disturbances that occurred in the developing
fetal or infant brain [13]. These activity limitations in CP (and other congenital or
acquired brain injuries) often hamper the child’s independence and participation in
daily life [14].

The motor functions in patients suffering from CP usually increase in early life and
depend on the level of impairment. There are indications that the functional improve-
ments are less in children with congenital brain lesions as in children with acquired
lesions that show more spontaneous recovery [15]. Children with inborn brain lesions
might have developed compensatory strategies over many years while children with
acquired brain lesions often show more potential for restoring physiological selective
voluntary movements [15].
Various assessment tools were used to measure the motor function and capabilities in
children with CP and with different levels of impairment. Holmefur et al. [16] ana-
lyzed the development of motor function in children with unilateral CP in the early
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Figure 1.1: Children impairment group of the patients at the Rehabilitation Center
for Children and Adolescents in Affoltern am Albis, Switzerland (2012, n=174).

years using the Assisting Hand Assessment (AHA; measures the use of the affected
hand in bimanual performance; score ranges from 22 to 88) and the Manual Abilities
Classification System (MACS; describes how children with CP use their hands to han-
dle objects; score ranges from I to V). Children with a higher 18-month AHA score
reached higher ability levels with a higher progression rate than children with a low
18-month AHA score (Fig. 1.2 a). The AHA limit reached was higher for children
with lower MACS levels (low MACS scores correspond to better handling).
Hanna et al. [17] showed that the hand and arm motor functions can be further
improved, stagnate or even deteriorate dependent on the severity of the impairment.
In their study, the hand function was assessed in children with CP and upper ex-
tremity involvement (n=51) using hand and upper extremity skill assessments. Hand
function was measured with the Peabody Developmental Motor Scales. This stan-
dardized measure evaluates fine motor function in the domains of grasping, hand use,
eyehand coordination and manual dexterity. Possible raw scores range from 0 to 224
(Fig. 1.3 a). Furthermore, the general arm function was measured with the Quality
of Upper Extremity Skill Test (QUEST). QUEST scores range from below 0 to 100
(Fig. 1.3 b). Both assessments showed a tendency for the scores to peak and decline.
In a later publication Hanna et al. [18] showed similar results using the 66-item Gross
Motor Function Measurement (GMFM-66)1. They found that children and youth with
levels III, IV, and V are at risk of losing motor function, with the greatest declines
apparent in level IV. The motor functions seem to peak at an age of about six to seven
years (Fig. 1.2 b). The GMFM assessment focuses on mobility. However, the Gross
Motor Function Classification System (GMFCS), which is based on the GMFM, highly
correlates with assessments for upper extremity motor function, like the MACS [19].

1The GMFM-66 measures capability or what a child can do in a standardized environment. Items
include tasks related to lying and rolling, sitting, crawling and kneeling, standing, walking, running
and jumping [18].
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1.1. BACKGROUND

a b

Figure 1.2: Development of motor function in children with CP. (a) Improvement of
arm function (AHA) dependent on the MACS level (source: [16]). (b) Improvement
of mobility (GMFM-66) dependent on the GMFCS level (source: [18]).

a b

Figure 1.3: Development of arm and hand motor function in children with CP indicated
by (a) the Peabody Developmental Motor Scales for hand function (source: [17]) and
(b) the QUEST assessment for upper extremity motor skills (source: [17]).

In summary, children suffering from CP often have functional disorders depending
on the severity of the impairment. These disorders are permanent and might get
worse during the development of the child. Here, a therapeutic intervention is critical
with the goal to not only improve and recover motor function but also to prevent its
deterioration in children with moderate to severe CP. This intervention has to be based
on clinical evidence and on the knowledge of the underlying neurological principles
in order to provide an optimal patient-tailored rehabilitative training. Therefore, a
short insight is given into brain plasticity after a neurological impairment (Sec. 1.1.3)
and further important key aspects of an effective rehabilitation training are discussed
(Sec. 1.2).
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1.1.3 Triggering Neuroplasticity in Children

To learn a new task or to recover after a neurological impairment (such as CP, stroke,
or SCI), the brain capitalizes on the ability to reorganize neural networks [20,21]. This
neural reorganization can be within the function network or even include structures
which were previously responsible for other functions [22]. This mechanism is usually
referred to as brain plasticity. For rehabilitation purposes it is crucial to know how
neuroplasticity can be triggered or enhanced after a neurological damage to learn or
relearn motor functions (Fig. 1.4). Reactivation of brain structures may be induced
by motor imagery, observations of movements, passive training or constraint-induced
movement training (CIMT) [20]. CIMT therapy forces the patient to intensively use the
affected arm or hand while the unaffected or less affected arm or hand is constrained.
In adult stroke patients, CIMT was shown to re-expand cortical motor areas [23].
Nonuse of the affected extremity, however, can lead to decrease of the brain motor
area size [24].

a b

Figure 1.4: (a) A neurological impairment, such as CP, can hamper the motor com-
mands to control the arm as well as the sensory signals, leading to movement disorders.
(b) The neuroplasticity of the brain enables the reorganization of neural networks and
pathways to learn or relearn motor functions during an intensive, activity-based and
task-specific arm motor function training.

As in adults, an intensive rehabilitation training (e.g., with CIMT) with active par-
ticipation was shown to be essential for cortical reorganization in children [25–27].
Compared to adults, children can recover more fully from brain injuries [25] and plas-
ticity mechanisms are enhanced in the developing brain. Moreover, children with CP
have a remarkable ability to recover from early brain injuries [28] which does not seem
to be age-dependent among children [29].
These findings highlight that an intensive rehabilitative intervention of the affected
limb is critical to trigger brain plasticity in children.
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1.2. PEDIATRIC REHABILITATION

1.2 Pediatric Rehabilitation

As described in the previous section, brain plasticity is an important aspect of habilita-
tion and rehabilitation of motor function in children with neurological disorders2. An
intensive, activity-based, and task-specific upper limb (re)habilitation training seems
to exploit the concept of plasticity of the central nervous system and thus to improve
motor recovery [27]. A comprehensive rehabilitative intervention should, therefore, try
to cover these aspects. Additionally, there is clinical evidence for other key attributes
of neurorehabilitation therapy. The following subsections discuss these key aspects
which are important and beneficial for improvement of motor function in children with
congenital or acquired neurological disorders.

Intensity

In this thesis, the term ’intensity’ of a training refers to the number of movement rep-
etitions, training sessions and use of the affected arm in a given time period. Different
studies already highlighted the benefit of training intensity on motor recovery in chil-
dren [27, 31] and pointed out that the intensity should be more than what is applied
during standard care [32]. As mentioned above, this intensity can be achieved with
CIMT and a forced use of the affected arm. This therapy was shown to be effective
for upper-extremity function in children with CP [33].
Children with CP have an initial slower learning rate compared to typically developed
children and a delayed improvement is expected [34]. Therefore, when working with
children with unilateral CP, sufficient practice (two to three times more than for typi-
cally developed children) is important.
In adult rehabilitation an intensive training has a favorable effect on motor recovery
[35, 36] and motor learning. According to the power law of practice, acquisition of
skilled performance is determined solely by the number of times a task is practiced
[37]. This aspect is also important for pediatric rehabilitation as first results suggest
that motor rehabilitation in children has traits of motor learning in healthy subjects
[38]. The number of time practiced in this context does not mean a repetition of
the same identical movement, however, the movement has to be varied to achieve a
’repetition without repetition’ (Bernstein principle [39]).

Goal-Directed Therapy

Therapy should be goal-directed, working on the goals identified by children and their
caregivers [32]. In a study of 44 children with CP a goal-directed functional therapy was
compared with an activity focused therapy [40] using the Pediatric Evaluation of Dis-
ability Inventory (PEDI) with the result that the goal-directed training demonstrated
clear gains for children with CP in everyday activities and gross motor function.

2The term habilitation was introduced as rehabilitation refers to the true recovery where undamaged
brain and/or spinal regions are recruited, which generate commands to the same muscles as were used
before the injury [30]. However, in children with congenital brain damage new function are learned
(habilitation) rather than previously existing circuits are recovered (rehabilitation).
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CHAPTER 1. INTRODUCTION

Activity-Based Training

Motor activity is important to establish and reinforce the neuromuscular pathways
in children [41]. Contrary the lack of activity can lead to an elimination of unused
or less-used pathways [42], following the ’use it or lose it’ principle. Studies have
shown that active involvement in the motor pattern generation resulted in greater
motor learning than passive movement [43]. During rehabilitation training, active
participation is highly relevant to trigger neuroplasticity and to significantly improve
the therapy outcome in adults [44] as well as in children [42]. Therefore, contemporary
motor learning approaches use activity-based training approaches for children [32] and
adults [45].

Task-Specific Movements

Activity-based training is important but also has to be meaningful for cortical reorga-
nization and functional recovery to occur [46]. Task-specific training, therefore, plays a
major role in motor learning in young and adult patients with neurological impairment
[27,46,47].

Early Onset

The first years of a child’s life are characterized by fast neural development. During this
time, the child adapts its sensory-motor patterns to more and more complex functions
[48]. Children with CP have abnormal sensory-motor patterns from the beginning
and they will develop abnormal functional patterns which leads to contractures and
structural deformities [48]. Therefore, very early treatment in most cases will give
quicker and better results and is a critical factor for the treatment [48]. This potential
for a more complete recovery may diminish throughout the course of early development
[41]. Similar findings pointing towards an early onset can also be found for stroke and
other neurological disorders [46].
However, rehabilitation before the age of 4 years is controversially discussed. While
Law et al. (1997) [49] see no direct benefit of intensive therapy for children below 4
years, Eliasson et al. (2015) [50] indicated a mCIMT training (a modified and less
intensive version of CIMT) at the age of 2 to 3 years may have a positive impact on
long-term development.

Strength Training

For children and young adults with CP literature provides evidence, although it is
limited, that strength training programs may provide positive strength benefits [51].
The general consensus across studies is that strength can be predictably increased
through a properly designed short-term program but very likely needs to be continued
regularly to retain benefits [41].

Motivation

According to the International Classification of Functioning, Disability and Health
(ICF) [52], motivation is defined as a mental function that produces the incentive to
act.

6



1.2. PEDIATRIC REHABILITATION

In adult stroke patients, exposure to stimulating and complex environments and in-
volvement in tasks or activities that are meaningful to the adult individual serves to
increase cortical reorganization and enhance functional recovery [46].
In pediatric rehabilitation motivation is a critical determinant of functioning and
achievement and essential for learning new skills [53] and to provoke an active par-
ticipation [44]. Motivation in children with CP can be related to greater persistence
in performing tasks and a better physical functioning and psychosocial well-being [54].
The motivation of the child depends on a lot of aspects. Fewer limitations in self-care,
communication and social skills, a higher IQ and better motor ability are associated
with higher motivation [55]. Furthermore, a negative impact of the child’s disability
on the family, hyperactivity and peer problems were associated with lower motivation
[55]. Positive social behaviors were positively correlated with motivation. In addition,
children with acquired lesions appear sometimes more motivated compared to those
with congenital lesions [15].

Therapy Session Structure

Different therapy structures and strategies are still discussed. There are indications
that for children with CP a therapy may be more effective when provided regularly
(once or twice a week) rather than in blocks of treatment [56]. However, there is no
consent on the effect of the two strategies.
Another aspect of the training structure is the decomposition of complex movements.
Recent studies indicate that multi-joint movements are not superior to single joint
movements in stroke patients [57] and that motor learning can be improved when
decomposed in anatomical complements [58]. However, comparable investigations with
young patients have not yet been performed.

Assessment

To provide a patient-tailored rehabilitation therapy for the child, which addresses the
individual needs of the young patient, it is important to know the status and the
skills of the patient. When the motor function of the patient is known, the therapy
can be modulated according to the capabilities of the patient. Therefore, the arm
motor function has to be measured objectively by using reliable, valid and responsive
assessment tools [32].

Assistance

Often, an intensive training as mentioned above can only be achieved when the patient
is assisted and supported to actively perform the movements on his own. A possibility
is to increase the weight support against gravity. Gravity compensation facilitates
active arm movement excursions without impairing motor control and is a valuable
modality in conventional or robot-aided therapy to increase the intensity of training
for mildly impaired adult patients [59]. Results with a passive gravity support system
for children with arthrogryposis indicated the benefits of assisting the arm [60]. This
assistance can be provided by the therapist or by an active or passive robotic system
supporting the arm during the therapy. The latter is discussed later (Sec. 1.4).

7



CHAPTER 1. INTRODUCTION

Conventional therapy usually tries to address these different aspects to achieve an ef-
fective rehabilitation training. The requirements to provide a repetitive high-intensity
rehabilitation training while assisting and motivating the patient makes the manually-
assisted training very labor-intensive. Moreover, the conventional clinical assessments
often show deficits in terms of reliability, validity and sensitivity [61]. Here, rehabili-
tation interventions can capitalize on new tools and devices which complement and
support the conventional manually-assisted therapy. For adult patients, robots are
more and more used as a promising tool to assist and assess arm rehabilitation and to
cover various of these important key aspects.

1.3 Robot-Assisted Rehabilitation in Adults

1.3.1 State of the Art

Children [14] as well as adults [62] who suffer from lesions of the central nervous sys-
tem, e.g., spinal cord injury or stroke often have problems to use their affected arm
during daily life, which can affect their independence negatively. These patients profit
from rehabilitative interventions that aim to regain certain functionalities. As shown
above, an intensive training triggers neuroplasticity and is essential for the recovery of
motor functions in children but equally in adults [36].
In adult human stroke subjects, actuated robotic technologies are more and more used
to complement conventional rehabilitation interventions, as they can provide a task-
specific [63], activity-based [45], intensive [35] training while assisting and assessing
the patient. Furthermore, virtual reality (VR) scenarios are used together with the
robots to motivate the patient to actively participate and provide online augmented
feedback about the patient’s performance [64, 65]. Moreover, robots have been shown
to have a positive effect on the rehabilitation process in adult patients with neurolog-
ical disorders [66–70].
The acceptance and the number of robots for clinical care are continuously increasing.
Predictions for the rehabilitation robot market size expect a growth from $43.3 million
in 2014 to reach $1.8 billion by 2020 (published in a study by WinterGreen Research,
2014, MarketPublishers.com). It is often assumed that the robotic therapy costs more
than conventional therapy. However, robot-assisted therapy has similar total health
cost as usual care or intensity matched physical therapy [71] and can be a valuable
and economically sustainable aid for rehabilitation [72].
The American heart association integrated robot-assisted therapy in its guidelines and
states for stroke care: ’Robot-assisted therapy offers the amount of motor practice
needed to relearn motor skills with less therapist assistance. Most robots for motor
rehabilitation not only allow for robot assistance in movement initiation and guidance
but also provide accurate feedback’ [73]. Furthermore, the guidelines state that robot-
assisted upper extremity therapy can improve motor function during the inpatient
period after stroke.
Different robotic platforms for adult arm rehabilitation and arm assistance were built in
the last two decades, including active and passive robots with end-effector or exoskele-
ton kinematics for the arm, single joints, or the hand. Tab. 1.1 gives a non-exhaustive
overview of different existing robot platforms. Not all the robots in Tab. 1.1 have been
used for clinical studies. A list of the robots used for clinical studies can be found in
Lo et al. 2012 [74].
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CHAPTER 1. INTRODUCTION

Robotic technology is not only applied to stroke but also SCI patients [5,133–135] and
multiple sclerosis patients [136,137]. Moreover, rehabilitation robots have the potential
to provide objective, sensitive, and reliable measurements of kinematic, kinetic, and
timing parameters of the patient’s arm (details in Sec. 4.1.1).
There are critical comments to rehabilitation robotics saying that robot-assisted arm
training is questionable because the equipment is expensive and often there are al-
ternative ’strong evidence’ interventions [138]. However, a recently published paper
indicates that robotic arm therapy using the ARMin robot is superior to other inter-
ventions regarding activities of daily living and arm function [69].

1.3.2 ARMin Arm Rehabilitation Robot

The ARMin arm rehabilitation robot for adults is referenced in several sections of this
thesis (e.g., in Sec. 2.2.1 or Sec. 4.1) and is, therefore, presented here in more detail.
Four versions of the arm therapy robot ARMin have been designed and evaluated
by the groups of Riener and Dietz/Curt of ETH Zurich and University of Zurich
[5, 64, 101] (Fig. 1.5). ARMin is used for arm neurorehabilitation of adult patients
suffering from stroke or SCI. The robot is characterized by an exoskeleton structure.
The latest prototype has seven degrees of freedom allowing 3D shoulder rotation,
elbow flexion/extension, elbow pro-/supination and wrist flexion/extension. A hand
actuation module supports opening and closing of the hand. The patient is sitting
on a chair and is fixed in the ARMin robot by the use of cuffs around the upper
arm, forearm, and the fingers. The robot can be adjusted to the patient by changing
the exoskeleton length settings for the upper arm, forearm and hand as well as the
shoulder height. The same robot can be used for the training of the left and right arm
by changing the hardware configuration. Mechanical end limits are provided for safety
reasons to not overstretch joints or collide with the patient.
ARMin is the research version of the ArmeoPower (Hocoma AG, Switzerland). The
kinematics, joint ranges and actuation are comparable. The ARMin robot features
different control modes covering the range from a tracking only setting, where the
robot’s weight and friction are compensated, to complete guidance of the arm. In
between, a path control approach can be used to assist the patient as needed, e.g., for
the training of activities of daily living.
ARMin IV is the latest version of the robot and was realized by the author of this
thesis (ARMin IV, Fig. 1.5). ARMin IV is equipped with 6 degrees of freedom (DoF)
force/torque sensors to measure small interaction torques between the patient and the
robot. The sensors were mounted to better account for the reduced arm strength in
SCI patients. Furthermore, the sensors allow for better transparency of the robot.
Moreover, different assessments were implemented to test arm motor function in SCI
patients (details in Sec. 4.1).
The ARMin robot was shown to be an effective tool for arm rehabilitation [69] but
it can not be used for pediatric rehabilitation. With a minimum forearm length of
0.24 m, ARMin is adjustable to male adolescents aged 14 years and older and to female
adults. However, there are other robotic platforms which have already been tested with
children, or were specifically developed for children. An overview is given in the next
section (Sec. 1.4).
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1.4. ROBOT-ASSISTED REHABILITATION IN CHILDREN

Figure 1.5: ARMin IV shown with a subject performing an activity of daily living
training scenario.

1.4 Robot-Assisted Rehabilitation in Children

1.4.1 State of the Art

In contrast to robot-assisted rehabilitation in adults, only a few studies that have been
performed with rehabilitation devices for children and there are only a few commercial
therapy devices available (Tab. 1.2). Preliminary results suggest that robot-assisted
therapy might increase functional strength and improve isolated movements of the up-
per extremities in patients with CP [27] or improve motor function following childhood
stroke [139].

For children with mildly affected arm function the YouGrabber system (YouRehab
AG, Switzerland) can be used for rehabilitation therapy [140] (Fig. 1.6 a). The
YouGrabber consists of two gloves which are visually tracked and detect grasping of
the patient. Furthermore, it is interfaced with a display that allows for a game-based
training. The system can be used bilaterally and trains spatial multi-joint movements
including the shoulder, elbow, and wrist. For mildly to moderately affected children
aged 5 years and older the ArmeoSpring Pediatric (Hocoma AG, Switzerland) can be
used for arm training (Fig. 1.6 b). This robot features a passive spring mechanism
to support the arm of the children against gravity. Various game scenarios can be
played by performing multi-joint or single-joint movements including shoulder, elbow,
and wrist. A pressure-sensitive hand module allows to trigger events in the gaming
software. Another arm rehabilitation device which can be applied for children is the
PABLO System (Tyromotion, Austria) [145] (Fig. 1.6 c). The system consists of
different devices (PABLO Sensorgriff, PABLO Multiball, and PABLO Multiboard).
Position and force sensors allow to assess hand strength and range of motion as well
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1.4. ROBOT-ASSISTED REHABILITATION IN CHILDREN

a b

c d

Figure 1.6: Robotic systems that have been tested with children; (a) YouGrabber
(YouRehab, Switzerland) [140], (b) ArmeoSpring Pediatric (copyright Hocoma AG,
Switzerland), (c) PABLO system (copyright Tyromotion, Austria), (d) AMADEO
(copyright Tyromotion, Austria).

as to train movements that involve shoulder, elbow, and wrist. Two other Tyromotion
products which can be applied for rehabilitation in children are the AMADEO [145]
(Fig. 1.6 d) for hand and finger rehabilitation as well as the DIEGO robot which is an
active rope robot to support bimanual arm training against gravity [142]. Furthermore,
the PASCAL robot (described in Sec. 1.4.2) can be used for children with mild to
moderate CP to support the arm weight during grasping movements in space.
For moderately to severely affected children active robot assistance of the arm might
be necessary. Not only to compensate for gravity but to provide directional support
towards a desired position in space. First results have been reported with different
actuated end-effector platforms originally designed for adults. The InMotion2 [139,146]
is an actuated planar end-effector robot and was used in several studies with children
suffering from hemiplegic CP or childhood stroke (Fig. 1.7 a). The NJIT-RAVR system
can be utilized for training of spatial movements and was tested with children with
hemiplegic CP [141] (Fig. 1.7 b). The REAPlan [147] end-effector robot is for planar
movements in the transversal plane (Fig. 1.7 c). Recently the REAPlan robot was used
for the first single-blinded randomized control trial applying the robot for pediatric arm
therapy [147]. Sixteen children with CP participated in the study, split in two groups
receiving either robot-assisted therapy or conventional therapy. The study concludes
that robot-assisted therapy is effective in children with CP. The results of all these
preliminary studies indicate that children may benefit from robots used during arm
therapy, which was also suggested in the review of Aisen et al. [27].

Virtual reality (VR) treatment appears to be an effective rehabilitation tool for use
with adult patients [148] and children with CP [149]. It has the capacity for making
otherwise impossible or uninteresting activities to be accomplished in an engaging,
challenging environment and lets the child forget about the repetitive and frequent
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CHAPTER 1. INTRODUCTION

a b c

Figure 1.7: Robotic systems that have been tested with children suffering from CP
or childhood stroke; (a) InMotion2 [146], (b) NJIT-RAVR system [141], (c) REAPlan
[147] (adapted from original publication).

arm movements that it is performing [15, 149, 150]. Therefore, along with the robot,
immersive VR scenarios are often used in pediatric rehabilitation (e.g., Fig. 1.7) to
distract children from monotonous and repetitive exercises, to motivate the patient’s
active participation [65], and to provide feedback about the patient’s performance [151].

1.4.2 PASCAL Robot

The PASCAL robot is referenced in other sections of this thesis (e.g. Sec. 3.2.3) and
is, therefore, introduced here as an example of a pediatric arm rehabilitation robot.
PASCAL (Pediatric Arm Support robot for Combined Arm and Leg training, [152]) is
an end-effector-based robot to support arm movements in space (Fig. 1.8). This robot
can be combined with the commercial gait orthosis Lokomat R© (Hocoma, Switzerland,
[153]) to train combined movements of arm and legs. The target group is children
and adolescents with CP or other neurological lesions and with mild spasticity aged 6
years and older. The robot can apply arm gravity support or directional support for
grasping movements in space.
PASCAL was developed in the framework of the iMiC (Innovative Movement-Therapies
in Childhood) project in collaboration between the Sensory-Motor Systems Lab, ETH
Zurich, Switzerland and the Rehabilitation Center for Children and Adolescents in
Affoltern a. A., Switzerland. The robot was realized by Kim Pfluger, supervised by
Alexander König and the author of this thesis.
PASCAL is an end-effector-based robot with three active degrees of freedom (DoF)
(Fig. 1.9) [152]. The robot is fixed to the combined center of mass of the human arm
(as suggested by Herder et al. [78]) by means of a cuff (Fig. 1.8).
A parallel kinematic structure and a motor rotating it around the vertical axis allow
for movements of the end effector in three translational degrees of freedom. The cuff
itself contains two more passive DoF (Fig. 1.9) to ensure that only interaction forces
are present and no torques are applied to the human arm. In other words, there is no
control over the direction that the forearm is pointing. A more detailed analysis of the
kinematics is given in Appendix A.1.1.
The robot is completely backdrivable3 and a force sensor (JR3, USA) is mounted close
to the end effector (Fig. 1.8, blue cylinder close to the elbow) to measure interaction
forces and torques for assessments and control purposes.

3The term backdrivable is used to characterize an actuated axis which can be moved by the user
when the robot is not powered.
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1.4. ROBOT-ASSISTED REHABILITATION IN CHILDREN

Figure 1.8: Visualization of the PASCAL robot attached to the combined center of
mass of the arm. The avatar is a simplified body model of a 13-year-old child. A
picture of the real PASCAL system can be found in Appendix A.1.

As the robot is used in close interaction with humans, different mechanical, software,
and electrical safety measures guarantee the overall safety of the patient: Mechanical
and software limits are provided on axis level. Brakes are provided for the two horizon-
tal motors to block the according axes if necessary (e.g., when the therapist releases
the handheld safety switch or there is a power loss) and an electro-magnet is used
to connect the cuff to the robot which can release the patient in case of emergency.
Moreover, it is a benefit in handling, as the cuff can be attached before the patient
is connected with the robot. In addition, there are redundant sensors for each axis, a
watchdog for software supervision, plausibility checks in the software and saturation
limits for controller values as well as a restricted end effector speed to 1 m/s. PASCAL
also features an adaptable passive gravity compensation for the two parallelogram ac-
tuators to support the motors which need to lift the main part of the load.
A change-of-side mechanism is not provided and the current version can only be used
for the left arm. The robot can be adjusted to the patient with the cuff and the gravity
support that can be changed.
PASCAL is for children and adolescents with mildly to moderately affected arm func-
tion, who can already train dual tasks with combined reaching and walking. Children
with moderate to severe motor impairments need more active support of the arm pos-
ture, e.g., in the form of an adult or pediatric ARMin robot.

The example of the PASCAL robot and the overview of the pediatric robots in the
previous section show that a majority of the robots, which are used for children are
based on robots for adult rehabilitation or are used for both, children and adults.
This rises the question what the specific differences are between adult and pediatric
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x
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z
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passive joints

cuff

Figure 1.9: Kinematic structure of the PASCAL robot. The angles q1, q2 and q3

represent actuated joints.

arm rehabilitation training and, whether, it is possible to provide an optimal pediatric
therapy with the same rehabilitation concepts that we use for adult patients.

1.4.3 What is Different in Pediatric Rehabilitation

In Sec. 1.2, the different key features for pediatric rehabilitation were listed. It also
showed that most of these aspects are similar to adult rehabilitation where an intensive,
goal-directed, activity-based, task-specific, early onset, assisted, and assessed rehabili-
tation training is crucial for the recovery of arm motor function. Nevertheless, there
are several aspects in which the young patient differs from an adult patient. These
differences need to be considered to provide the best possible rehabilitation training.
The most important aspects are quickly discussed in the following paragraphs.

Anthropometry and Strength

The most obvious difference is the body size of the child. However, it should be stated
here that children are not small adults. Not only is the extrapolation from adult data
not adequate [154], but also do the children who suffer from a neurological diagnose
often have growth impairments.
The strength characteristics show that joint torques in adults are significantly higher
than in children, even when normalized to body mass [155]. This difference is even
higher when comparing to young patients with impaired arm motor function which are
often weaker than their peers.

Type of Impairment

In children with CP, the impairment is congenital or acquired in the first years. As a
consequence, the impairment detriments normal skill acquisition and development of
arm function. As stated above, for children with congenital lesions (especially severely
affected), the goal is to maintain rather than improve motor function. While in adults
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1.4. ROBOT-ASSISTED REHABILITATION IN CHILDREN

after a neurological disorder (and often children with pediatric stroke or traumatic
brain injury), therapies focus more on recovery of arm function from before the im-
pairment, in children with CP there is usually no state to regain and all the skills have
to be learned first. Hence, the term habilitation is more and more used for children
with CP instead of rehabilitation to emphasize this difference.
In general, the prevalence of neurological disorders in children (e.g., CP with a preva-
lence of 2.1 h worldwide [12]) is much lower than in adults (e.g., stroke with a preva-
lence of 2.6 % in the US [156]).

Motivation

As mentioned above (Sec. 1.2), motivation is essential for both, adult and pediatric
rehabilitation to stimulate the patient to actively participate in an active arm therapy
training. The adult patient with neurological impairments such as stroke or SCI is
often intrinsically motivated to perform the arm training, knowing that the therapy
can help to improve or regain arm and hand function. Moreover, for adults the social
factor positively affects the patient’s motivation, e.g., clear and revisable goal-settings,
an attempt to make the patient feel that their views on rehabilitation are valid and
welcome, acceptance of the patients’ idiosyncrasies, avoiding to clash with the value
system of the patient or a warm, approachable and competent therapist [157]. Children
with CP, however, are less aware of what can be achieved with the training and tend
to be frustrated easier than adults when reaching their limits with the affected arm,
i.e., the intrinsic motivation to use the affected arm is lower. Here, the young patient
has to be motivated extrinsically with spoken rewards and other incentives from the
therapist or by providing an enriched, attractive and non-distracting environment that
lets the patient use the affected arm without permanently thinking about the train-
ing performed. Here, game-like scenarios and VR environments have the potential
to provide a training environment to motivate the patient and provoke a prolonged
training. It seems that especially children and youths can immerse easily in such game
environments and accept the training with rehabilitation technologies in combination
with VR environments very well [15].
By changing the amount of support of the robot, such that the patient can perform
a movement on his own and by adapting the difficulty settings of the VR task, the
patient can be optimally challenged, i.e., the child is not bored or over-challenged.
This is often referred to as being ’in the flow’. The flow is an immersed mental state
of focused motivation (theory of flow [158]).

Motor Learning

The difference between motor learning in children and adolescents was rarely investi-
gated and is discussed controversially. On one hand, there seem to be similar traits in
pediatric habilitation and adult motor learning [38], but on the other hand, there are
clear motor learning differences between children and adults [159].

Safety

Compared to adults, it is more difficult to instruct a child to sit still and perform a
particular task. This leads to stricter safety requirements for devices which are used in
close interaction with children, i.e., when needed the patient has to be released quickly
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and no sensitive or dangerous parts should be close to the patients head or trunk in
case that the young patient makes unexpected movements.

1.4.4 A Novel Pediatric Arm Rehabilitation Robot

Compared to adult rehabilitation there are only a few robotic devices available which
have been tested with children. Most of these tests were performed with robots which
were originally built for adult rehabilitation and with mildly to moderately affected
children. However, the previous section indicated that there are clear differences be-
tween the rehabilitation approaches in adults and children. An active robot for children
with moderately to severely affected arm functions, specifically designed to cover the
key aspects of pediatric arm rehabilitation (Sec. 1.2) and accounting for the differences
between adults and children (Sec. 1.4.3) is still missing.

Figure 1.10: Illustration of the development of arm motor function in children with CP
(based on GMFCS/GMFM data [18,160] for children with CP; the GMFM was shown
to correlate well with the MACS assessment [19]) together with the target group (age
and severity) that the robots PASCAL (gray), ARMin (rose) and a children version of
ARMin (ChARMin, blue) cover. The range of ChARMin and ARMin overlap slightly
as male adolescents aged 14 years and older can already use the ARMin robot.

Based on the knowledge of the adult ARMin robot (Sec. 1.3.2), a novel children ARMin
(ChARMin) prototype could address the challenging requirements of the pediatric tar-
get group, provide an intensive, task-specific and activity-based training, actively assist
different therapy modes (such as single-joint or multi-joint arm training), motivate the
patient by means of a VR scenario, and enable assessments of arm motor functions in
patients with moderately to severely affected arm motor functions.
In Fig. 1.10, an illustration of the potential fields of application of ChARMin and the
other two introduced robotic platforms, ARMin and PASCAL, is given dependent on
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the severity of the patient arm impairment and the age of the patient. While end-
effector robots, such as the PASCAL robot, are typically used for arm rehabilitation
training in mild to moderately affected patients, exoskeleton-based systems, such as
the ARMin or ChARMin, can cover the range from moderately to severely affected
patients.

1.5 Motivation and Aim of the Thesis

1.5.1 Problem Statement and Hypotheses

Children with a neurological disorder such as cerebral palsy often suffer from im-
paired arm motor function hampering their participation in daily life. An intensive,
activity-based and task-oriented rehabilitation can help to increase the arm function
and prevent deterioration. This rehabilitation training can be provided by robotic
technology. While rehabilitation robots are regularly used for adult therapy, there are
only a few platforms available for arm rehabilitation training of children and youths.
Moreover, there is currently no actuated exoskeleton robot available for pediatric arm
rehabilitation to actively assist and assess arm motor function during complex arm
movements as well as single-joint movements. Based on first findings of robotic de-
vices applied to children and the successful use of active-assistive devices in adults,
the hypothesis was formulated that an active patient-tailored, robot-assisted and mo-
tivating arm therapy complementing conventional therapy can be applied to children
with moderate to severe CP. Furthermore, it is hypothesized that robot-assisted arm
assessments can provide an applicable, safe, reliable and comparable tool to measure
arm motor function in patients with neurological disorders.

1.5.2 Aims of the Thesis

The aim of this thesis is to design and build the active pediatric arm support robot
ChARMin to provide an intensive, task-specific, activity-based and motivating exercise
tool to assist single-joint and multi-joint movements and assess children and youths
with affected arm motor function such as children with CP. This aim involves the
following aspects which are the four building blocks of the thesis:

1. ChARMin robot - Design and realization of an active child-specific arm reha-
bilitation robot hardware which is safely applicable to the anthropometric range
of the pediatric target group and an audiovisual interface to motivate an active
participation of the child during the therapy.

2. ChARMin control - Implementation of a patient-cooperative support strategy
to assist children with different levels of arm impairment and with different therapy
goals during the robotic rehabilitation session.

3. ChARMin assessments - Development of robot-assisted assessments to measure
various kinematic, kinetic, and timing aspects of arm motor function.

4. ChARMin feasibility - Test of the resulting robotic hardware, control paradigms,
and assessments in first feasibility case trials with children and youths with affected
arm motor function.
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1.5.3 Challenges

The specific technical challenge in designing an active pediatric arm rehabilitation
setup is to find the optimal robotic hardware and interface that satisfy the needs given
by the pediatric target group. This involves the clinical goals, arm anthropometry,
kinetics, joint range of motion and workspace, operability, technical and safety con-
straints, movement support and the patient’s motivation. Apart from the technical
challenges, the control and assessment software of the robot present more method-
ological challenges. Here, the requirement is to find a comfortable, cooperative, and
sensitive patient-robot interaction which assists and assesses the arm while trying to in-
tervene as little as possible and as much as needed with the patient. The control needs
to follow a patient-cooperative approach to allow an active participation of the young
patient and to support the arm movement only when needed. The robot-assisted as-
sessments have to accurately measure different parameters describing the patient’s arm
functions. The implementation of these assessments is a balancing act between a robot
which has to be able to counteract a strong patient and a robot which transparently
follows the patient’s movements.

1.6 Thesis Outline

This thesis is structured in four main building blocks as described above in the ’Aims
of the Thesis’ (Sec. 1.5.2). Following the first introduction chapter (’1 Introduction’)
the second chapter (’2 ChARMin Robot’) presents the development and realization of
the pediatric ChARMin arm rehabilitation robot hardware, including the electronics,
actuation, safety and the game-like visual interface. The third chapter (’3 ChARMin
Control’) describes the different patient-cooperative control modes for complex multi-
joint support (position controller in Sec. 3.2.2, assist-as-needed path controller in
Sec. 3.2.3) and single-axis support (single-joint controller in Sec. 3.2.4) implemented for
the ChARMin robot. The fourth chapter (’4 ChARMin Assessments’) is divided in two
sections. The first section describes the robot-assisted assessment packages which were
implemented in the ARMin IV robot and tested with adult SCI patients (Sec. 4.1).
The second section contains the adaptations and extensions for the robot-assisted
ChARMin assessments (Sec. 4.2). In the fifth chapter (’5 ChARMin Feasibility’),
first feasibility case trials with pediatric patients are presented. In the last chapter,
a general conclusion is drawn for the thesis and an outlook is given for future work
(’6 Conclusion and Outlook’).
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2 ChARMin Robot

This chapter presents the design of the ChARMin robot. The requirements in the
introduction below form the basis for the subsequent sections which show the detailed
concept and design of the robot. The design section introduces the details of the
kinematics of the different axes, the passive gravity compensation, the change-of-side
mechanism and other adjustment and hardware aspects. Moreover, the actuation of
the robot, the newly developed electronics, the virtual reality interface, and the features
that guarantee a safe application are presented in the according sections.

2.1 Introduction

The conceptualization of the new robotic system is strongly influenced by various as-
pects and requirements as formulated by therapists in terms of arm anthropometry,
joint range of motion, kinetics, patient’s motivation, assistance by the robot, oper-
ability by the therapist, available therapy modes, safety and further technical require-
ments. These specific requirements will be stated in more detail below. An overview
is given in Fig. 2.1. Most of the requirements directly depend on the pediatric target
group which is, therefore, encircled by all the subsequent requirements in the graphical
representation.

2.1.1 Requirements

Target Group
 

The main requisite is that the robot has to cover the size range of 5- to
18-year-old children with arm motor impairments, such as CP. Children
younger than 5 years are not included as robot-assisted therapy is consid-
ered to be unsuitable for them. On the one hand, the child is usually fixed

in the robot for more than 30 min during the therapy and the child has to sit calmly
and focus on the task, which is difficult to achieve in very young children. On the other
hand, there are indications that there is no immediate benefit of an intensive training
for children up to 4 years [49].
According to the therapists, the goals of the robotic therapy are to increase (i) range
of motion and workspace, (ii) strength and (iii) quality of movement. The joints that
should be included in active training are:

1. Horizontal shoulder ab-/abduction (HSAb/HSAd)

2. Shoulder extension/flexion (ShEx/ShFl)

3. Shoulder internal/external rotation (ShIR/ShER)

4. Elbow extension/flexion (ElEx/ElFl)

5. Elbow pronation/supination (ElPr/ElSu)

6. Wrist extension/flexion (WrEx/WrFl)
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Figure 2.1: Overview of the different requirements for the development of the new
pediatric arm rehabilitation robot ChARMin.

Moreover, an active or passive hand module should be provided which detects the
pressure the child applies with the hand. The robot structure should allow for vertical
displacement of the glenohumeral joint (GHJ) of the shoulder as it is explained in
Fig. 2.2.

Anthropometry

 

x y 

Children with early-manifesting disorders like CP often show growth re-
tardation [161], which requires that the robot is designed according to the
anthropometry data of this specific group. Due to insufficient data re-
garding anthropometry of arm segments in children with CP, the data was

deduced from healthy children whose body height corresponds to that of a child with
CP at a certain age. For example, the 50th percentile of the body height of a 5-year-old
child with CP (gross motor function classification system level V) corresponds to ap-
proximately the 50th percentile value of a 3-year-old healthy child [162]. Consequently,
anthropometrical data from healthy children aged from 3 to 18 years has to serve as a
basis to design the mechanical structure of the robot. The upper limit for anthropo-
metric data was set to the 95th percentile of healthy 18-year-old subjects, such that
also adolescents whose growth was not affected can be trained with the robot.
To cover these different arm sizes of the target group, the robot must be highly adapt-
able. The anthropometric ranges which the robot needs to cover for the upper arm,
forearm, wrist-to-handle distance, and arm circumference are given in Tab. 2.1.
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h

shoulder

abduction β
GHJ

Figure 2.2: Vertical shoulder movement (h) of the glenohumeral joint (GHJ) during
shoulder ab-/adduction (β).

Additionally to the adaptations of the length values and arm circumference, the device
also needs to be adaptable to the shoulder height of the patient. All the anthropometric
data were extracted from [163].

Anthropometric 3 years 13 years 18 years 18 years
arm measurement (50th) (95th)

Upper arm length [cm]a 16.7 29.2 31.8 34.4
Upper arm circumference [cm] 15.8 23.0 27.5 31.5
Forearm length [cm]b 13.5 23.0 25.1 28.0
Forearm circumference [cm] 15.7 21.9 24.8 28.0
Wrist-to-handle distancec [cm] 4.2 6.7 7.3 7.8
Sitting shoulder height [cm] ∼ 60 ∼ 80 ∼ 100 -

Table 2.1: Anthropometric data of healthy children aged 3, 13, 18 years - 50th per-
centile - and 18 years - 95th percentile [163]; The values are for combined sexes;
aacromion-radiale length, bradiale-stylon length, cestimated to be 40 % of the hand
length.

Range

 

α 

For the six relevant arm joints mentioned above it is important to know
the clinically meaningful range of motion (ROM) they should cover. In the
literature, maximum range values for functional activities of daily living
for 9 to 12-year-old children can be found [164]. The desired ROM that

the robot should cover was based on the values underlying these movements and on
additional feedback from the therapists in the Rehabilitation Center, Affoltern a. A.,
Switzerland (Tab. 2.2). The angle definitions are according to the convention found
in the Appendix A.2.4. A large flexion angle for the wrist is desired in order to better
position a child with a spastic and, therefore, with a strongly bent wrist.
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Range of motion Min. angle [◦] Max. angle [◦]

Shoulder horizontal add-/abduction -20a 90a

Shoulder extension/flexion -58b 152b

Shoulder internal/external rotation -47b 54b

Elbow extension/flexion 12b 117b

Elbow pronation/supination -90a 90a

Wrist extension/flexion 45a -90a

Table 2.2: Desired range of motion that the robot should cover, derived from literature
(b)[164] and/or by therapists (a). The range shows mean values plus standard deviation
(Std). The angles are defined according to the convention found in Appendix A.2.4.

Kinetics

 
The robot should be strong enough to guide a paralyzed arm and counteract
a spastic arm and, therefore, prevent a possible collision with the patient’s
body. Furthermore, the robot should resist even a relatively strong patient
when using the robot as an assessment tool to determine isometric force.

Therefore, data from healthy subjects was used to estimate the torques that the robot
should be able to apply at each joint (Tab. 2.3). Values for horizontal shoulder ab-
/adduction and elbow pronation/supination could not be found. However, based on
the knowledge from the ARMin robot a torque of 20 Nm for horizontal shoulder ab-
/adduction and 8 Nm for elbow pronation/supination was selected that the pediatric
robot should be able to apply temporarily for the 18-year-old patient.

Kinetics 5 years 13 years 18 years

Shoulder abduction [Nm] 6.9a 35.2b 41.0c

Shoulder adduction [Nm] 7.3a ∼40.0d 52.9c

Shoulder internal rotation [Nm] 7.8a ∼27.5d 34.8c

Shoulder external rotation [Nm] 5.9a ∼19.8d 25.7c

Shoulder horizontal ab-/adduction [Nm] - - 20.0f

Elbow extension [Nm] 8.8a 27.6b 32.2c

Elbow flexion [Nm] 8.5a 34.3b 42.8c

Elbow pronation [Nm] 0.9a 2.1e 8.0f

Elbow supination [Nm] 0.9a 2.6e 8.0f

Wrist flexion [Nm] 1.5a 4.4e 19.1c

Wrist extension [Nm] 0.7a 1.7e 10.0c

Table 2.3: Joint torques of healthy subjects (50th percentile both genders); aisometric
values [165], bisometric values [166], cisokinetic values (30 ◦/s) for subjects aged 20 to
29 [167], dinterpolated values due to a lack of data, eisometric values for 10 year old
children [165], f taken from ARMin robot values for adults [168].
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Motivation

 

In the introduction, it was highlighted that motivation is crucial for children
to promote an active participation during the arm training. The child’s
motivation can be triggered by different means including feedback from the
therapist, an appealing and comfortable design of the robot, its use in non-

distracting surroundings or with a virtual reality interface that accounts for the specific
interests of children. For adults who are more intrinsically motivated, the interface is
often used to visualize the real task which has to be learned, e.g., performing activities
of daily living with ARMin. Children, however, need a VR interface which has to cover
other aspects:

• Gaming - Game-based therapy to motivate the child and, therefore, to increase
the duration of the training.

• Variety - Various scenarios to provoke curiosity, to account for children with
different interests, to keep the training exciting over a longer period by changing
the scenario, and to train different arm movements.

• Immersion - An immersive environment lets the child forget the repetitive tasks
performed, e.g., by using an exciting gameplay, beautiful scenery, colors, acoustic
feedback, an appealing character, etc.

• Reward - The game provides highscore lists to compare with previous scores or
with other patients. Other rewards can, e.g., appear in the game in the form of
bonus elements for good performance.

Assistance

 

Max 

Min 
The robot has to display different modes of assistance to account for differ-
ent motor disorder, severities of impairment and different game scenarios.
Furthermore, the kind and amount of assistance needs to be adjustable by
the therapist. Therefore, different control modes need to be provided by

the robot:

• Free movement - The robot follows the patient arm and intervenes as little as
possible, e.g., for assessments or motor learning experiments.

• Gravity support - The robot compensates the arm weight to a desired amount.
The amount of support can be adjusted by the therapist, e.g., for mildly to
moderately affected patients who do not need directional support, but a reduction
of the arm weight to train longer before the arm fatigues.

• Assist-as-needed - The robot assists the arm when the patient is not able to
perform a certain arm movement. The amount of support can be adjusted by the
therapist, e.g., for moderately to severely affected patients who need assistance
to reach a desired position.

• Complete guidance - The robot controls the position of the arm and guides
the movement, e.g., for movement instruction, mobilization of the arm or for
measuring arm properties.

• Single-joint support - Single-joint training is applied when the focus is on selective
training of single joint movements or when multi-joint movements are still too
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difficult to train. Here, the robot locks a desired arm posture and only supports
the movement and game-play in a single axis chosen by the therapist.

• Holding posture - The robot fixes a posture, e.g., to help positioning the patient
or to measure isometric strength.

Operability

 

Regarding operability and handling the robot has to be easily adjustable
to the patient’s arm which also includes a change-of-side mechanism that
allows the therapist to change between left and right arm training. Fur-
thermore, the robot has to be mobile for transportation and positioning

relatively to the patient.
The use of the robot has to be intuitive and supported with instructions and a com-
prehensive manual. Parts that are in contact with the patient should be exchangeable
for cleaning, e.g., the cuffs to fix the robot to the patient. The therapist interactions
with the keyboard, mouse, or other input devices should be kept at a minimum such
that the therapist has its hands free for patient fixation, robot teaching, etc.

Therapy modes

 

1 

2 

3 

Based on the knowledge acquired with the ARMin robot and other pediatric
arm and hand rehabilitation devices, different therapy modes were defined
which have to be implemented for interventions with the new robot covering
the robot setup, calibration, games, mobilization, and assessments:

• Setup - A dedicated interface is needed to enter patient-specific information and
to support the therapist in positioning and adjusting the robot.

• Calibration - A calibration routine is used to define the range of motion, Cartesian
workspace, and other thresholds to scale the games to the skills of the patient.

• Games - Various games have to be provided covering single-joint movements and
multi-joint movements.

• Mobilization - A therapy mode to teach and repeat a movement should be im-
plemented to repeatedly mobilize the patient’s arm.

• Assessments - Robot-assisted assessments that measure arm motor functions
should be included.

Safety

! 
A set of crucial requirements is related to the safety of the robot. This
includes the safety of the patient, therapist, third party, and the robot
itself. The mechanical precautions guarantee safety independent from any
electrical or software components:

• Increased distance between the patient’s head and trunk and the robot. (In
contrast to ARMin where the horizontal shoulder rotation is actuated from top
of the shoulder joint, leading to mechanical parts that are close to the patient’s
head as seen in Fig. 1.5).
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• Passive gravity compensation of the robot to support the motors and to ensure
a safe position in case of power loss.

• Mechanical measures to make sure that the robot stays in the anatomical joint
range of the human arm.

• Quick release of the patient has to be guaranteed in case of unexpected events,
e.g., strong spasticity or epileptic seizure. This includes a backdrivable robot to
move in a safe position also when unpowered.

• The therapist must be able to switch off the robot and stop the therapy session
at any point in time.

• No sharp edges and no pinch point.

• The robot needs to be conform with the norms EN 60601-1, ISO 14971, EN 980
and IEC 62304.

In addition to all the technical requirements, there need to be more electrical and
software features to assure the safety of the patient, e. g., constraining the joint
torques and ROM, supervise the controller (speed and force limits, plausibility checks),
redundant sensors for all joints or a safety switch. The control software and other
supervision elements have to check continuously for the plausibility and operability of
the system.

Technical

 

The last aspect covers technical requirements that have to be fulfilled to
assure a proper functionality, durability, and performance of the hardware
as well as state-of-the-art engineering principles for human-machine inter-
action:

• No backlash (<1 ◦) and backdrivable joints (static friction <1 Nm) that are mov-
able in the case of power loss.

• Dimensioning the robot with a safety factor on the loading to achieve longer
durability and stability.

• Designing the robot such that the maintenance can be performed efficiently.

• Trying to reduce the weight of the robot where possible.

• Using redundant and sensitive sensors to increase safety, control performance,
and assessment accuracy.

• Improving the power-to-weight ratio to achieve a powerful and compact design.

• Enabling a quick change of location of the robot, i.e., having a mobile robot and
using standard power supply.

• Reaching a position control bandwidth of at least 2 Hz.

• Achieving a high mechanical transparency1 of the robot to account for smaller
and weaker patients.

1The transparency of the robot is a measure for undesired interaction forces between the robot and
the human arm. In this context, a difference is made between the desired forces applied to support the
human arm and the disturbing forces that counteract the movement of the robot and the patient and,
therefore, reduce the transparency. Factors that influence the transparency of the robot are mainly
the mass and inertia of the robot, but also disturbing torques coming from joint friction or connecting
cables.
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• Keeping the weight of the robot at a minimum while maintaining stability and
durability of the device.

2.1.2 Improving the Transparency

For a good transparency of the robot, i.e., reduced undesired interaction forces between
the robot and the user, the mechanics, control, and electronics have to be considered.

Mechanics

The robot joints have to be backdrivable, which can be fulfilled with an appropriate
choice of actuator and transmission components (Sec. 2.2.2). Furthermore, the joints
need to have little static- and dynamic friction. Here, a remote center of rotation
(RCoR) kinematics structure is a promising candidate to reduce friction compared to
previous designs (Sec. 2.2.1). The mass and inertia of the robotic structure have a great
influence on the mechanical transparency. Therefore, the goal during the construction
phase was to keep the mass and inertia at a minimum. However, the load cases are
difficult to predict and to guarantee the safety of the robot, the stability of the structure
was weighted more than a highly lightweight structure for the first prototype. Lastly,
the joints should have little backlash. Harmonic drives are known for having minor
backlash. However, the size and costs of the units are both considerable, such that
harmonic drives should only be used where critically needed.

Control

An important software measure to improve the transparency of the robot is by actively
compensating mass, friction, and inertia with a dedicated compensation model of the
robot (details in Sec. 3.2.1). Static friction, however, is more difficult to compensate.
In the adult ARMin, for example, friction torques were quite high and ranged from
0.2 Nm (elbow) to 2.4 Nm (shoulder).
Additionally to the friction compensation, using force sensors is another option to
improve the transparency of the robot by measuring the interaction forces/torques be-
tween the robot and patient (e.g., ARMin IV [6] or the iPAM system [169]). ARMin IV
is equipped with 6 DoF force/torque sensors right below the arm cuffs and, therefore,
as close as possible to the patient’s arm. Appendix A.3.1 provides more information
about the placement of the sensors as well as the modeling and control using the
force/torque sensors. By using this force/torque information for the control of the
robot, the transparency can be increased, as shown in first tests with ARMin IV [6].
A third option is the use of series elastic actuators (SEA) which can decouple the
inertia of the robot from the user and, therefore, improve the transparency. This ap-
proach needs elastic elements between the actuator and the user as well as a dedicated
controller.

Electronics

Cables can have a negative influence on the robot dynamics [170]. Therefore, the
number of cables and the weight of electronic components should be reduced where
possible.
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2.2 ChARMin Design

2.2.1 Mechanics

The new ChARMin (Children ARMin) prototype evolved from the ARMin rehabili-
tation robot (Sec. 1.3.2). The ARMin robot was designed for adult rehabilitation
and only partially fulfills the requirements for a pediatric therapy robot. The very
young and heterogeneous target group has specific needs regarding adaptability, ki-
netics, safety features, friction, and the visual interface which require new technical
methods and solutions for the pediatric version of the robot. Downscaling the adult
ARMin is therefore not suitable, as children are not just small adults (Sec. 1.4.3).
Therefore, the decision was taken to move from the adult ARMin design to a new and
specific pediatric design.

Exoskeleton vs. End Effector

In general, two different robotic concepts for human-machine interaction are distin-
guished: Exoskeletons and end-effector robots. End-effector-based robots are con-
nected with the patient’s hand or forearm at one point (e.g., InMotion2 [146] or the
NJIT-RAVR system [141] in Fig. 1.7 or the PASCAL robot, Sec. 1.4.2). Exoskeleton-
based devices, in contrast, have a structure resembling human arm anatomy, and the
robot’s rotation axes often correspond to that of the human arm (e.g., ARMin [171]
in Fig. 1.5). A list of exoskeletons and end-effector robots for adult patients is given
in Tab. 1.1. There are several reasons for choosing an exoskeleton-based approach for
the new ChARMin robot:

• Each arm joint can be controlled independently, which enables to define arm pos-
tures completely and to train physiological movements without compensatory or
synergistic patterns. This is specifically important for severely affected patients.

• The device can provide a wider joint range of motion and workspace for the hand,
thus allowing the training of three-dimensional functional tasks.

• Joint torques can be measured independently, which is necessary for the isometric
strength or resistance assessment.

• Single joints can be supported or resisted for specific joint training. For end-
effector robots, in contrast, it is difficult to generate an isolated movement for a
single joint [172].

• Mechanical limits for each joint prevent hyperflexion or hyperextension, and thus
a potential injury of the joint.

The disadvantages of the exoskeleton over an end-effector robot are the more complex
design, the higher inertia of the robot, and the more difficult patient positioning and
fixation. However, for our robot which is applied to moderately to severely affected
children and which will be used as an assessment tool, the advantages of an exoskeleton
outbalance the disadvantages.
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Modular Design

One of the main challenges in designing the robot was the range of 5 to 18-year-
old children (requirement 2.1.1). First ideas for a robot structure for this target group
were sketched (Appendix A.2.5) and used as a starting point for further iterations with
engineers from the SMS Lab and the occupational therapists from the Rehabilitation
Center in Affoltern a. A. This led to a first conceptual CAD drawing of the robot
(Appendix A.2.5). With these first conceptual drafts of the robot, it became apparent
that the anthropometric range of the target group is too large to cover the whole age
range with a single exoskeleton. Furthermore, a robot with dimensions for an 18-year-
old patient that can deliver torques to move a completely paralyzed arm could be a
safety risk when applied to a 5-year-old child.
As a consequence, a modular approach of the hardware was chosen (Fig. 2.3). The
ChARMin robot consists of a proximal part (Fig. 2.3 a) that can be used for the whole
target group aged 5 years and older. For the distal module (Fig. 2.3 b), two different
sizes are available and can be exchanged according to the patient’s age and arm size.
The smaller distal module covers a range from approximately 5- to 13-year-old children
while a second module can be used for children aged 13 years and older. This modular
design allows to have an exoskeleton that fits the patients needs better in terms of size
and torques that can be applied.

Proximal module

Small distal module

Large distal module

x

y
z

a b

Figure 2.3: Modular design of the ChARMin robot. (a) ChARMin robot shown with
the small distal module for 5- to 13-year-old children. (b) Large distal module for
children aged 13 years and older. The two avatars are simplified body models of a
5-year-old and an 18-year-old patient.

The Six Actuated Axes of ChARMin

In the following subsections, the structure of the robot will be presented by focusing
on the single joints. A definition of the ChARMin axes is given in Fig. 2.4.

Axis 1: Horizontal shoulder ab- and adduction (HSAb/HSAd) The first axis
of the robot actuates the horizontal shoulder ab- and adduction. The requirement to
move the actuator away from the head of the patient led to a new parallel kinematics
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Axis Arm joint
1 HSAb/HSAd
2 ShEx/ShFl
3 ShIR/ShER
4 ElEx/ElFl
5 ElPr/ElSu
6 WrEx/WrFl

Figure 2.4: Definition of the six ChARMin joint axes.
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Figure 2.5: Kinematic chain of (a) the ARMin kinematics [171] compared to (b) the
ChARMin kinematics structure, shown with a simplified model of an arm (light gray).
The red cylinders marked with a star (*) represent the motors. The dark gray cylinders
are the gears and the white ones are the passive joints. motx is the motor moving axis
number x. The dotted auxiliary lines are pointing to the GHJ = Glenohumeral joint.
The dashed line is a standard link but dashed to improve the illustration.
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structure, in contrast to the serial structure of ARMin (Fig. 2.5). The parallel kine-
matic structure used is referred to as a remote center of rotation (RCoR) kinematics.
A simplified model of the RCoR can be seen in Fig. 2.6, where the light blue struc-
ture is moving the shoulder in horizontal ab-/adduction. This RCoR allows to actuate
(mot1) the robot in a remote center and to transfer this rotation to the glenohumeral
joint (GHJ) of the shoulder. An offset angle θ allows to optimally set the kinematic
range of the robot to the functional RoM of the patient. The link connections which
are represented as white circles are passive joints in the parallel structure.
This design has similarities with a structure suggested in the US Patent 2008/0304935
[173] (A more detailed comparison can be seen in Appendix A.2.3). However, the
proposed design here has a reduced number of joints and the way the arm is attached
to the structure is different.

mot1

mot2

a1

a2

mot3 mot4

mot5

mot6

∆d

GHJ

spring

crank

θ

gravity compensation box

H

Figure 2.6: Simplified representation of ChARMin with the remote center of rotation
mechanism for the horizontal shoulder ab-/adduction (top view) [1]. The six actuators
are labeled with mot1 to mot6. GHJ = Glenohumeral joint.

Axis 2: Shoulder extension and flexion (ShEx/ShFl) The second axis mot2
actuates the shoulder extension and flexion. This axis is mounted at the end of the
parallel structure. During extension and flexion of the shoulder, the vertical translation
of the GHJ of the upper arm cannot be neglected [171] (Fig. 2.2). To account for that
displacement of the human physiological axis, an offset ∆d was introduced between the
GHJ of the shoulder and axis mot2 (Fig. 2.6 and visualization in Fig. 2.7). The offset
∆d was chosen to be 30 mm which is in the lower range of the typically used offset
in the ARMin robot (25-40 mm). This configuration results in a vertical movement of
the GHJ joint depending on the ab-/adduction angle β of the shoulder and following
a circular segment [171].
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∆d

∆d

h

a b

β

GHJ

Figure 2.7: Visualization of the effect of an axis misalignment on the vertical shoulder
rotation. (a) The dashed line is the axis of rotation of the actuator. The dash-dotted
line is the temporary axis of rotation of the GHJ. The curved arrow indicates the
movement of the GHJ. (b) The ab-/adduction of the shoulder (β) leads to a vertical
displacement h of the GHJ.

Axis 3: Shoulder internal and external rotation (ShIR/ShER) The ARMin
robot has several issues with respect to the internal/external rotation axis, such as high
friction forces caused by the curved guidance and the transmission belt (Fig. 2.8 a)
and a quite large safety distance between this axis and the patient to avoid collisions
with the patient’s trunk.
As it is difficult to place an actuator on the rotation axis around the center line of
the upper arm, another RCoR mechanism was applied that promises less friction as
the ARMin design and allows to bring the arm closer to the patient’s body without
collision while still covering the required range. This parallel structure was originally
introduced by Stienen et al. 2009 [106] and allows to rotate the upper arm around its
longitudinal axis (Fig. 2.8 b, c, d).

Axis 4: Elbow extension and flexion (ElEx/ElFl) The fourth actuated joint
in ChARMin is the elbow axis. The actuator axis is arranged parallel to the human
elbow joint axis (Fig. 2.6) and the transmission between the axes is done via a belt.

Axis 5: Elbow pronation and supination (ElPr/ElSu) The fifth axis consists
of a curved guidance to rotate the forearm (Fig. 2.5 and Fig. 2.9). No commercial
curved guidance was found which is small enough and stands the high cross torques.
Therefore, the curved guidance was built in-house.

Axis 6: Wrist extension and flexion (WrEx/WrFl) The motor of the sixth
axis is positioned in parallel to the forearm and the torque is applied to the wrist joint
via a bevel gear (Fig. 2.9).

Axis 7: Hand module with pressure bulb The hand of the user grabs a rubber
bulb that can measure grip pressure (Fig. 2.9). The bulb has a 10 ◦ inclination to the
front which makes it more comfortable to hold (according to the therapists operating
the robot). An active hand module, as it was used for ARMin (Fig. 1.5), was designed
(by Daniel Dörig in a semester thesis [174]) but not realized for the first prototype
(Appendix A.2.1).
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Figure 2.8: Simplified representation of (a) the ARMin and (b) the ChARMin design
for the internal/external rotation of the shoulder (axis 3). A force/torque sensor s1 can
be mounted directly between the cuff and the kinematic structure. The kinematics are
based on Stienen et al. [106]. (c) shows the technical drawing of the RCoR concept
and (d) the parallel kinematics embedded in the robot.
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Figure 2.9: Forearm of the ChARMin robot with the curved guidance for elbow prona-
tion/supination and the actuation for wrist flexion and extension. The black pressure
bulb is grasped by the patient and measures the grasping pressure applied.

Passive Gravity Compensation of the Robot

To prevent the robot from falling down in the case of power loss and to support the
motor for axis mot2, a passive gravity compensation is included in this axis (compen-
sation box in Fig. 2.6, Fig. 2.11). In order to achieve this compensation, a spring E
is attached in an offset distance ds to the rotation shaft mot2 (Fig. 2.10) using a rope
that is deflected by different small pulleys J .

The spring attached to point A produces a torque acting on the axis mot2 (Fig. 2.11).
The tension spring required is integrated into the parallel structure described above
(indicated by the zigzag line in Fig. 2.6). However, the rope coming from the spring
has to cross axis H to arrive at the compensation box (Fig. 2.6). This introduces an
unwanted torque in the parallel structure unless the rope and the rotation axis are
collinear in the location where they pass each other (Fig. 2.10, G).
The torque which is needed to compensate the weight of the robot arm is dependent on
the angle β, i.e., when the angle β is 0 ◦ or 180 ◦ there is no need for compensation. The
maximum support is required, when the arm is horizontal and β is 90 ◦. This results
in a desired passive compensation of the robot τ spring,des with a sinusoidal shape as
shown in Fig. 2.12 with the dotted line.

The torque which is produced by the new spring compensation mechanism was calcu-
lated from the simplified model in Fig. 2.13 which is based on the hardware design
Fig. 2.10. The following relation can be found (according to the xy-coordinate system
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Figure 2.10: Simplified representation of the gravity compensation mechanism with
the deflection pulleys (J), dampers to decelerate the toggling mechanism (D), axis 2
(mot2), axis of rotation of the parallel RCoR structure (H), location where rope passes
along the axis of rotation (G), offset attachment point for the rope (A), and the spring
(E) [1].
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Figure 2.11: Passive gravity compensation with a toggling mechanism for changing the
direction of the compensation torque. (a) Technical design of the mechanism with the
spring attachment point (A), dampers (D), motor with gear (F), deflection pulleys (J)
and the custom gear (K); (b) Finished hardware.
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Figure 2.12: Compensation torque produced by the spring mechanism. The desired
compensation torque is shown in blue (τ spring,des,1, τ spring,des,2) where the first load
condition is with the robot only and the second condition is together with a heavy
arm and high spring pretension. The actual compensation torque is shown in red
(τ spring,act,1, τ spring,act,2). The shoulder flexion/extension angle β is given by π − ϕ.

indicated in the figure):

l3(ϕ) =

−l1 − l2cos(π − ϕ)
−l2sin(π − ϕ)

0

 (2.1)

Given the spring stiffness cspring and the pretension force fϕ0 which is present at ϕ = 0,
the force in the rope f rope can be calculated:

f rope(ϕ) = (cspring · (‖l3(ϕ)‖ − l1 + l2) + fϕ0) · l3(ϕ)/‖l3(ϕ)‖ (2.2)

The spring torque τ spring is computed as the cross product between the rope force
f rope and the lever arm larm:

τ spring = larm × f rope, with larm =

l2cos(π − ϕ)
l2sin(π − ϕ)

0

 (2.3)

The compensation curve for the new mechanism τ spring,act (solid line in Fig. 2.12) has
a slight deviation from the optimal sinusoidal shape.

To account for different arm weights and different torques induced by the length set-
tings in the robot, the spring pretension can be changed using a crank (Fig. 2.6). The
spring mechanism produces up to 24 Nm, while the compensation curve is still close
to a sinusoidal shape (dashed and dash-dotted line in Fig. 2.12).

38



2.2. CHARMIN DESIGN

l1

l2
l3

l4
δ

α

ϕ β

x

y

cspring

Figure 2.13: Simplified representation of the passive compensation mechanism used to
derive the spring compensation torques.

Change-of-Side Mechanism

The robot has to be adaptable to be used with both arms. Therefore, a change-of-side
mechanism is provided. To change the side configuration, the whole exoskeleton is
rotated around the horizontal axis a1 (Fig. 2.6) and angle θ is adjusted. The robot
is shown in both configurations in Fig. 2.15. As a consequence, the passive gravity
compensation applies the offset torque in the wrong direction. That is why, secondly,
the gravity compensation has to be changed to invert the passive compensation. This
is done by a novel mechanism located in the compensation box. By temporarily re-
moving the mechanical end stop for axis mot2, the robot arm can be moved to β = 0 ◦

(Fig. 2.14 a). In this position, the spring attachment point starts moving from position
A to the opposite side C (Fig. 2.14 b). This produces high speeds for the spring attach-
ment point, which can be decelerated with a damper D. Finally, the spring attachment
point is in the new location and the shoulder flexion/extension axis is brought back
in the operational range (Fig. 2.14 c). Now, the offset torque is acting in the desired
direction.

Adjusting the Robot to the Patient

To avoid unwanted interaction torques coming from misaligned axes, the robot has
to be optimally adapted to the patient. This can be achieved by length adaptation
mechanisms for the upper arm and forearm and by cuffs that are adaptable to the
circumference of the patient’s arm. In order to simplify the positioning of the shoulder,
two lasers are provided pointing to the GHJ of the patient along the axes a1 and a2

in Fig. 2.6. This positioning is done by adapting the height of the lifting column in
the back of the robot and wheels allow to move the robot relatively to the patient.
The experience with the ARMin robot showed that it is difficult for the therapist to
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Figure 2.14: Reversing the compensation mechanism when changing from right to left
arm configuration. (a) Removing the mechanical end stop and move the exoskeleton
in the downward direction. (b) Arriving at β = 0 ◦ the spring attachment point moves
from position A to position C, damped with damper D. (c) The robot can now be
rotated to the other arm side configuration and the spring attachment point is brought
back inside the operational joint range.
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Figure 2.15: Visualization of the ChARMin robot for the right and left arm use, shown
with the simplified model of a 5-year-old child.

instruct the patient to keep the position of the shoulder and to hinder the patient from
doing compensatory movements with the shoulder. In the ChARMin robot, a distance
sensor was mounted on the robot which can detect when the patient shoulder moves
too far away from the required position. The sensor is mounted on the proximal part
of the robot and points along axis a1 (Fig. 2.6).

2.2.2 Actuation

Electric actuation is the most common actuation principle for rehabilitation robots
[172, 175]. Because of its good power-to-weight ratio, compact design, low noise level,
backdrivability and its unproblematic use in clinical environments electric motors were
as well used for the ChARMin robot. The actuation of the robot was chosen using the
torque estimations from the requirement section (Sec. 2.1.1).
The exoskeleton is actuated with electric Maxon DC motors in combination with either
harmonic drives or planetary gears. The first two actuators are on the proximal robot
module and are, therefore, identical for the whole age range. However, the motors on
the distal part are being exchanged together with the distal module. The different
actuator-transmission combinations and the corresponding nominal torques can be
found in Tab. 2.4. The values listed are for the robot equipped with the smaller (s) as
well as the larger (l) distal module.

2.2.3 Electronics

ChAxis - Current control boards In previous robot control setups, all the motor
drives were located in the back of the robot (similar to Fig. A.8, bottom left). This
led to a lot of cables reaching from the back of the robot to the motors, encoders,
and potentiometers of each joint. Since the new ChARMin setup is modular and has
an exchangeable distal part, it is important to reduce this cabling, as the cables need
to be unplugged each time the module is exchanged. Furthermore, it is known that
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Axis Maxon
Motor

Gear Ratio
(1:x)

Nominal
torque

1 (s, l) RE40 HD, CSG-17-120 120 18.0 Nm
2 (s, l) RE40 Custom gear & MG, GP 52C 162 22.7 Nm
3 (s) RE35 MG, GP 42C 113 28.6 Nm
4 (s) RE30 HD, HFUS-14-100 101 26.3 Nm
5 (s) RE25 MG, GP 26A & belt gear 250 25.0 Nm
6 (s) DCX22 MG, GPX22 414 24.7 Nm
3 (l) RE35 MG, GP 32 HP 159 11.8 Nm
4 (l) DCX32L HD, HFUS-14-100 101 29.1 Nm
5 (l) RE25 MG, GP 26A & belt gear 363 28.3 Nm
6 (l) RE25 MG, GP26A 278 26.5 Nm

Table 2.4: Actuation, transmission, and nominal torques for the six axes of the
ChARMin robot for the small (s) and large (l) distal module. HD=Harmonic drive.
MG=Maxon gear.

cables have an influence on the robot joint dynamics [176]. This influence is usually
nonlinear and can vary over time and is, therefore, rather difficult to model. In the
ChARMin robot, a different approach was taken, where the motor drives for the distal
part are located directly on the exoskeleton close to the actuator.
Each of these ’axis controllers’ (Fig. 2.16) encompasses the current controllers for
two actuators as well as two encoder inputs, two digital outputs, a digital input and
three analog inputs. The communication between the boards and the real-time sys-
tem is implemented using a CAN 2.0 B interface. With these axis controllers, the
cabling is reduced to a power cable and a cable for the CAN bus communication. The
axis controller boards were developed and built in-house and are very small in size
(52x63x18 mm). More technical details about the axis current control boards can be
found in Tab. 2.5.

Board interface

Board supply voltage 48 V
Communication CAN 2.0 B
Transfer rate 1 Mbit/s

Motor interface

Max output current 5.5 A
Output voltage -48 ... +48 V
Sample rate current controller 22.05 kS/s
Encoder input 20 bit

Optional I/O’s

3 Analog inputs 10 bit
1 Digital input 5 V TTL
2 Digital outputs 5 V TTL

Table 2.5: Technical specification of the ChARMin axis current control boards.
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Figure 2.16: Technical drawing (left) and the finished hardware (right) of the newly
developed axis controller boards used on the distal part of the ChARMin robot for
current control of the actuators and to read sensor information.

Figure 2.17: Conceptual drawing of the location of the axis control boards on the distal
part of the robot and the interconnecting CAN bus and power line.
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Figure 2.18: This print screen shows the main menu of the interface software with the
different therapy modes. The six available standard games are located at the top and
right part of the screen. The button list on the left allows to change the patient settings
(’Patient’), to run the assessments (’Assessments’), to calibrate the angular- and end-
effector workspace as well as the hand pressure threshold (’Kalibration’), to mobilize
the arm in a teach and repeat mode (’Mobilisation’), to change the patient profile
(’Profil wechseln’), to connect to another gaming interface using the RehabConnex
server (’RehabConnex’), and finally to exit the interface (’Beenden’). Furthermore,
the interface shows the currently active patient profile on the bottom center and a
warning for incorrect shoulder positioning in the bottom right corner.

2.2.4 Virtual Reality Interface

The interface for ChARMin was implemented in the Unity game system (Unity Tech-
nologies) by Aniket Nagle. The sample rate for the interface is approximately 15 ms.
The communication between the xPC real-time control computer and the visual in-
terface is done using the UDP protocol. Currently, 94 game- and control parameters
are sent to the xPC real-time computer and 51 robot parameters are sent back to the
unity software. The interface is mostly programmed in German, as the therapists and
the majority of the children are German-speaking. To increase the immersion and
motivation, a large screen with 32′′ diagonal is used.
When starting the interface software, the user is asked to check the brakes of the robot
wheels, to test the foot pedal, and to select the currently used distal module. After
choosing and adapting (when needed) the patient profile the user gets to see the main
screen (Fig. 2.18). Here, the different games and other training modi can be chosen,
which are subsequently presented.

Patient Settings

The patient settings are used to enter the robot length settings and parameters and
further information which might be useful for the therapist for a reproducible posi-
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tioning (e.g., chair height and a field for free commenting). The patient settings mode
also provides assistance for the patient positioning with laser and detection of wrong
shoulder position with a proximity sensor pointing to the GHJ. For the second a warn-
ing is prompting on the interface screen when the shoulder of the patient moves too
far away from the correct position (red message on the bottom right on the interface
screen Fig. 2.18). Additionally, the robot can be actively held in any posture to allow
the therapist to use both hands for the patient fixation.

Gaming Interface

Six different games can directly be started from the main menu (Fig. 2.18). The
various games are designed to motivate the child for active participation and to train
different arm movements. The six games are:

Ball The ball game is a single-joint game where a ball is rolling down an inclined plane
and has to be hit with a horizontally moving bar at the bottom of the screen
(Tab. 2.6 a). The position of the bar is controlled with one of the six ChARMin
joint axes defined by the therapist.

Whack-a-mole The whack-a-mole game can be played in a single-joint or multi-joint
mode. The end-effector is represented with a hammer on the screen (Tab. 2.6 b).
The hammer stays at a predefined height above a table, independent of the real
end-effector height, and can be moved in the transverse plane. By applying
pressure to the handle, the hammer moves down to the table to hit moles which
appear from holes in the table. For the single-joint mode, the game is reduced to
a single row of three wholes and the hammer is moved horizontally by changing
the joint angle of the axis chosen by the therapist.

Tennis In the tennis game, the racket is moved in the frontal plane by changing the
hand position. The ball which is shot by the computer opponent has to be caught
(Tab. 2.6 c). A visual aid can be enabled to show where the ball needs to be
hit, for patients who have problems to estimate where the ball will arrive.

Spaceship In the spaceship game, a spaceship is selected and during the constant
speed flight in space blue target spheres have to be collected and approaching
obstacles need to be avoided (Tab. 2.6 d).

Diver The diver in this game is walking with constant speed on the sea floor and is
hunting treasures (Tab. 2.6 e). The robot end-effector position is used to move
around the cross hairs of the diver’s bubble gun. The aim is to collect as many
treasures as possible (to increase the score) while shooting approaching pirate
fishes, obstacles, and air bubbles (to refill the air tank).

Airplane The player chooses an airplane or a bird and flies through the sky. The air-
plane is moved in the frontal plane by changing the robot’s end-effector position.
The aim is to collect balloons (to increase the score) and hearts (energy refill)
while avoiding other flying objects (Tab. 2.6 f).

All the games are scaled to the workspace, joint angles, and hand pressure previously
defined in the calibration menu. Each game has its settings that can be used to adapt
the difficulty of the game, the visual appearance, the duration of the game and the
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(a) Ball (b) Whack-a-mole

(c) Tennis (d) Spaceship

(e) Diver (f) Airplane

Table 2.6: Screenshots of the six games which can be played with the arm therapy
robot ChARMin.

support the robot should provide. In each game, the arm support can continuously
be changed from free non-supported movements to completely guided movements (de-
tailed information about the controllers in Sec. 3). These adjustment possibilities
allow optimal support of the patient to provide a challenging training environment. In
advance of the ChARMin feasibility study, the acceptability of this interface was tested
with five patients using the ArmeoSpring (Hocoma AG, Volketswil, Switzerland).

Assessments

The six different robot-assisted arm assessment packages which are available can be
started from the interface main menu. The assessments were evaluated in adult SCI
patients (Sec. 4.1) and tested in first case trials with children (Sec. 5.3.3). The
assessments are presented in more detail below in Sec. 4.1.2 and Sec. 4.2.2.

Calibration

The calibration menu is intended to define the Cartesian workspace (x-, y- and z-
direction) which the hand can cover and the joint range for all axes. This information
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is used to define the range in which the games are played, i.e., where a target has to be
positioned such that it cab be reached. The calibration of the workspace only affects
the multi-joint games, whereas, the joint range settings are used for the single-joint
games such as the ball and the whack-a-mole game (in single axis mode). Finally,
the maximum bulb pressure is recorded which can be applied by the user. To trigger
events in the gaming software, an 80 %-threshold of the maximum pressure has to be
reached.

Mobilization

The mobilization mode allows teaching an arbitrary movement to the ChARMin robot.
This movement trajectory is recorded, filtered, and replayed by the ChARMin robot
as long as the therapist desires. This mode was earlier introduced for the adult ARMin
robot [101] and was required for the pediatric version as well (requirement 2.1.1).

RehabConnex

The ChARMin robot can be connected to other software interfaces using the Re-
habConnex server which was developed in the framework of the iMiC (Innovative
Movement-Therapies in Childhood) project [177]. Currently, the Tornalino game
(Fig. 2.19), developed by the ZHdK Zurich (Zürcher Hochschule der Künste - Zurich
University of the Arts, Switzerland), can be played additionally to the six standard
games presented above.

a b

Figure 2.19: The Tornalino game (ZHdK Zurich, Switzerland) can be played with the
ChARMin robot using the RehabConnex Server developed in the iMiC project. The
hand movement of the patient is transformed to the movement of a Tornado which
moves on the surface of a small planet. The task is to (a) collect the sparks from a
volcano and (b) to launch a rocket by igniting its fuze.
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2.2.5 Safety

Different mechanical, electrical, software-related, and operator-related safety features
are used to assure that the robot can be used in the clinical environment with children:

Mechanics The robot hardware features mechanical end stops for all joints and
all length adjustments and a passive spring mechanism ensuring that the robot is
statically balanced in case of power loss (Sec. 2.2.1). In this context, a quick release of
the patient has to be enabled. Furthermore, the joints are backdrivable and the device
has no sharp edges.

Electronics Different sensors are mounted to supervise the functionality of the
robot, i.e., redundant position sensors for each joint, a dead-man switch pedal and two
emergency stop buttons for the therapist to unpower the motors and stop the therapy
session at any point in time. Furthermore, four sensors are provided to measure the
temperatures of the motors 3 to 6, a sensor to check for correct left/right configura-
tion and a proximity sensor to monitor the proper fixation of the distal module. A
watchdog electronic supervises the functionality of the real-time control computer.

Software The three different software units (interface software, control software,
and ChAxis software) in the ChARMin architecture (Fig. 2.20, light blue boxes) fulfill
supervision and safety-related tasks. The control software has to continuously check
for plausibility and operability of the system. This includes observation of the end-
effector speed (max. 1.0 m/s), checking the electronic supply voltage (48 V and 5 V
levels), supervision of position-control errors, comparison between desired and actual
motor current, checking the connectivity and operability of the current control boards
and testing the plausibility of the sensor range and the received commands from the
interface and current control boards. A list of errors that the control software can
detect is appended in A.2.2. Moreover, the Unity software and the peripheral axis
control boards check for plausibility of the values and for functionality of the real-time
computer. The small distal module has a dangerous pinch point which is protected
with a touch sensor which stops the robot immediately when contacted.
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Figure 2.20: Overview of the software architecture and the existing software, electronic
and hardware safety features.
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Operability An extensive handbook, biannual robot maintenance, a monthly safety
check and a password protected computer are provided and only educated staff may
use the robot.

Norms The robot was built according to the norm for medical electrical equipment
(EN 60601-1), the international standard for the application of risk management to
medical devices (ISO 14971), the clinical investigation of medical devices for human
subjects - good clinical praxis (ISO 14155) and the international standard for medical
device software (IEC 62304).

2.3 Results

2.3.1 Realization of ChARMin

The very first prototype for preliminary tests of the software and control only had 4
DoF (Appendix A.2.5). The distal DoF for pro-/supination of the forearm and wrist
extension/flexion were added afterwards and, therefore, the robot extended to 6 DoF.
The presented design of ChARMin has 6 DoF and was developed according to the
clinical and technical requirements described in the requirements section (Sec. 2.1.1)
of this chapter. The different features described in the previous design section were
realized in the robot. All the non-standard robotic parts were fabricated in-house in our
workshop by our expert multi-skilled mechanics. The resulting ChARMin hardware is
presented in Fig. 2.21.

A first challenge was to cover the large range of the pediatric target group, which was
solved by using a modular design of the robot. The first two axes cover the whole
range while the more distal DoF can be exchanged for 5 to 13 and 13 to 18 years old
children respectively. In Fig. 2.21 it can be seen that the proximal and two distal
parts were anodized in different colors for an easy differentiation between the modules
and to achieve a children-friendly appearance of the robot.
The finalized ChARMin prototype with its six DoF has a passive gravity compensation
to reduce the torques and, therefore, the size of motor 2 that lifts most of the robot
arm weight. When unpowered, the robot is statically balanced and backdrivable.
The spring pretension can easily be adapted, according to the distal module which is
mounted on the robot. The small distal module weighs 5.7 kg and the larger one 7.5 kg.
The change of side and exchange manipulations are working as intended, however, it
is important to follow a clear step by step procedure which has to be practiced and
which is not straightforward.

2.3.2 Adjustment to Patient

Length Settings

The resulting ChARMin length characteristics are for the upper arm (0.21 m ... 0.36 m),
forearm (0.14 m ... 0.29 m) and the wrist-to-handle distance (0.05 m ... 0.10 m), the cir-
cumference of the upper arm (40·2πm ... 100·2πm) and forearm (40·2πm ... 75·2πm),
as well as the sitting shoulder height (0.90 m ... 1.30 m). The detailed ranges for the
different modules are listed in Tab. 2.7. The corresponding range for the length scales
on the robot is given in Tab. 5.8.
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a

b

Figure 2.21: (a) First ChARMin prototype with six DoF and a healthy subject. The
picture shows a possible setup with the audiovisual display for the therapy. (b) Larger
distal module for ChARMin that covers 13- to 18-year-old children.
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Small distal part Large distal part
Min Max Min Max

Shoulder height [mm] 900 1295 900 1295
Upper arm length [mm] 211 336 233 363
Upper arm circumference [mm] 40·2π 70·2π 60·2π 100·2π
Forearm length [mm] 129 204 187 288
Forearm circumference [mm] 40·2π 75·2π 40·2π 75·2π
Wrist-grip distance [mm] 46 71 52 102

Table 2.7: Range for the length adjustment of the small and large distal module.
Shoulder height is measured from the floor. Forearm length is measured from the
epicondyles to the wrist joint.

Axis Min.
angle [◦]

Max.
angle [◦]

Static
friction [Nm]

Joint inertia
[kg·m2]

Mech.
play [◦]

1 -10 95 1.6 2.45 0.05
2 50 130 3.0 0.82 0.63
3 -30 70 0.6 0.11 0.45
4 0 120 0.5 0.06 0.03
5 -90 90 0.2 0.09 0.10
6 -70 70 0.2 0.09 1.39

Table 2.8: Achievable joint range of ChARMin (for both, the small and the large distal
module) for axis 1 to 6 and the static friction, joint inertia and mechanical play of the
small distal module.

Joint Range

The ROM of the robot joints covers most of the activities of daily living (Tab. 2.8). The
joint range of the two distal ChARMin modules does not differ. In the direction of the
internal rotation the range was reduced using mechanical end stops to avoid collisions
with the legs of the sitting patient. The shoulder extension is likewise reduced, to stay
above 50 ◦. As a consequence, the shoulder extension axis can currently not exceed
130 ◦, due to the symmetry of this axis for the left and right arm configuration. But
this range covers most functional activities as defined by [164].

2.3.3 Spring-Induced Compensation Torques

To validate the spring compensation model, the torque was recorded which the mo-
tor needs to apply to move axis 2 when no distal module is attached and only the
compensation torque is acting on the motor axis. For this test, axis 2 was moved
with a position controller in the whole range of axis 2. The results are shown in
Fig. 2.22. When moving against the spring compensation mechanism, the motor ad-
ditionally needs to overcome the joint friction to move the axis, while moving in the
same direction in which the compensation acts, the friction is overcome by the spring
compensation mechanism. As a consequence, the first measurement is the spring com-
pensation torque with the joint friction (blue line). The second measurement is the
spring compensation torque with the friction subtracted (green line). The mean be-
tween the two measurements is, therefore, the torque from the spring compensation
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mechanism (black line). The spring model used for the control is plotted in Fig. 2.22 in
red. The model matches very well the torques generated by the spring compensation
mechanism.
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Figure 2.22: The model for the spring compensation mechanism was validated by mea-
suring the motor torque needed to move the passive gravity compensation mechanism,
when no distal module is mounted. The top graph is the torque needed when moving
against the direction in which the compensation torque is acting. The lowest graph
shows the torque required to move in the direction of the compensation. The graphs
in the middle show the mean values and the spring model used for the compensation.

2.3.4 Mechanical Play

The mechanical play was measured by comparing the analog sensor value with the
digital sensor value, as these sensors are located on the two opposite sides of the
mechanical play, i.e., the planetary gear, the belt transmission or the curved guidance.
The mechanical play coming from a bending structure cannot be evaluated, when only
the absolute and digital sensor are compared. However, the mechanical play due to
a bending structure is expected to be rather low. The results are shown in Tab. 2.8.
Axes 1 and 4 have little mechanical play, because of the harmonic drives used.

2.3.5 Static Friction

The static friction torque was measured with an externally applied force sensor, type
9205, KISTLER, Switzerland. The force needed to initiate a joint movement was
recorded and the joint torque calculated. The static friction values are listed in
Tab. 2.8.

52



2.4. DISCUSSION

2.3.6 Inertial Properties

The inertia of the first axis was calculated by using a least squares fit of a spring-mass-
damper model to the motor torques needed to follow a reference sine chirp signal. The
inertia for the more distal axes (2 to 6) was estimated using the CAD model of the
ChARMin exoskeleton. The results are listed in Tab. 2.8. The estimated robot inertias
around the motor axis (Ia) were calculated by adding the reflected inertia of the motor
(n2 · Im, with n being the gear ratio) to the estimated link inertia (Il) around the axis
with the robot length settings in the middle of the adjustable range: Ia = Il + n2 · Im.

2.3.7 Torques

The torques that the robot can apply (Tab. 2.4) will be enough to provide support
during the therapy and can temporarily be overloaded if needed, e.g., for the strength
assessment. The torques for the first two axes are high compared to the other axes
as they are mounted on the proximal part and, therefore, move more mass than the
others. Moreover, these two axes actuate the shoulder joint which is very strong.

2.3.8 First Adaptations

After preliminary tests with the finished prototype, a couple of improvements had
to be included in the robot. The ball bearing for the custom-made curved linear
guidance in the small distal module did not withstand the rather high torques that
are produced when applying forces to the hand module or performing the bandwidth
test. Therefore, the ball bearings were removed and slide bearings were introduced.
This change increases the static friction but sustains the torques. Furthermore, plastic
slide bearings inside the toggling mechanism had to be replaced with brass bearings.
At the elbow and close to the upper arm cuff additional cushions had to be mounted
to avoid that the patient’s arm touches metal parts of the robot.

2.4 Discussion

In this chapter, the hardware and interface of the new ChARMin arm robot for children
with CP was presented. ChARMin was built at the SMS Lab, ETH Zurich, Switzer-
land, in collaboration with the Rehabilitation Center for Children and Adolescents,
Affoltern am Albis, Switzerland and is the successor or the ARMin robot for adults
(a comparison between the two robotic platforms is given in Appendix A.2.6). It was
shown how the challenges given by the pediatric target group influenced the geomet-
ric design, the kinematics, the actuation, the electronics and the implemented safety
features in the ChARMin robot. The technical data sheet for ChARMin can be found
in Appendix A.2.6. The design is based on clinical and technical requirements stated
in the beginning of the chapter (Sec. 2.1.1). An overview of the different requirements
is given in Fig. 2.23 and the according solutions are summarized in Tab. 2.9 and 2.10.
In the following, the different requirements will quickly be discussed.

Target group The challenging requirements to cover the anthropometric range of
the target group could be met with a modular design which includes serial and parallel
kinematic structures to achieve a highly adjustable and safe design of a robot that can
cover children aged 5 years and older. The robot actuates six joints including shoulder,
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Figure 2.23: Summary of the different requirement categories and aspects covered by
the new robotic design.

elbow and wrist for either the left or right arm. The hand grasps a pressure-sensitive
bulb which is used to trigger events while playing the games. To allow the vertical
displacement of the GHJ, an offset was introduced in axis 2. Contrary to the adult
device, this distance had to be fixed and could not be realized to be adaptable as in
ARMin.

Anthropometry Different robot length settings allow to adjust the robot to the
length of the upper arm, forearm, and hand, to the height of the shoulder and the
circumference of the different arms. The upper arm length of the robot is not suf-
ficiently short for 3-years-old children. Furthermore, the length characteristics given
in the requirements (Tab. 2.1) for the upper arm are for the acromion-radiale length
which is slightly longer than the distance needed. As a consequence, the positioning of
a severely affected 5-year-old child leads to an increase shoulder offset and larger ver-
tical shoulder movements. It needs to be considered individually for severely affected
and young patients, whether this produces problems in the applicability of the robot.

Range The range of motion for axes 2 (shoulder extension) and 3 (shoulder internal
rotation) was reduced for safety reasons. However, as movements to these regions
of the workspace are not instructed this reduction should not restrict the user’s arm
movement.

Kinetics The nominal torque that can be applied by the robot is slightly less than
what a strong person can apply. In case that these torques are too small, the motors
could be overloaded to produce up to five times the nominal torque. However, this will
require a more detailed model of the motor winding temperatures.
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2.4. DISCUSSION

Motivation An audiovisual interface (Fig. 2.21, screen in a) is used to provoke
active participation of the child by using six different game-like training scenarios.
Moreover, the interface software can serve as a middleware and connect to other games,
such as Tornalino [177]. First preliminary trials with the gaming interface and the
passive ArmeoSpring robot showed good acceptance by the patients and the potential
to motivate the child to play the games (own observation).

Assistance All the six joints of the robot are actuated to actively assist or guide the
patient’s arm on single-joint and multi-joint level. The control strategies to support
the patient are introduced in the ChARMin control chapter (Chap. 3).

Operability The robot can be used for the left and right arm and the distal module
can be exchanged. A drawback of the system is that the weight of the distal module
might lead to difficult handling of the ’change-of-side’ mechanism and may hamper the
exchange of the distal module. It requires practice and needs evaluation by therapists
in the clinical environment.
The robot is mobile with lockable wheels for transportation and for positioning with
respect to the patient. The cuffs and cushions provided ensure a soft and comfortable
fixation of the patient. All the parts which are in contact with the patient (including
the cuffs, cushions and the rubber bulb) can be exchanged and cleaned when needed.

Therapy modes Different therapy modes can be chosen with the software interface
including game scenarios, mobilization, calibration, and assessments. Furthermore,
the interface is used to setup the robot and to instruct and assist the therapy.

Safety Safety requirements could be fulfilled regarding the hardware, electronics,
control software, and operability.
Compared to the adult ARMin robot, the actuator of axis 1 was moved away from the
child’s head (Fig. 2.24). A parallel kinematic structure is used to actuate this joint.
This structure provides the requested range but makes it impossible to include the
existing passive gravity compensation mechanism. Therefore, a novel mechanism was
developed which can be used for the left and right arm configuration of the robot. The
produced offset torque deviates slightly from a desired sinusoidal shape but the motor
can account for this using the accurate model for the spring compensation mechanism
derived above (Sec. 2.3.3). For safety reasons this mismatch is not critical, as the
robot arm is still enough compensated to not fall down quickly in case of power loss.
For all the joints mechanical end stops are provided. The patient is attached to the
robot with cuffs using Velcro R© fasteners for quick release at any point in time. The
backdrivable joints also allow to move the robot when unpowered and, therefore, to
better release the patient.
To guarantee the safety of the robot and to receive approval for the application of the
robot with children, different technical norms had to be fulfilled and applied to the
robot. The robot is conform with the norms EN 60601-1, ISO 14971, EN 980, EN ISO
14155 and IEC 62304 and its use was approved by the Swissmedic (Swiss Agency for
Therapeutic Products, reference number: 2015-MD-0009).

Technical The robot joints have small backlash, are backdrivable and have sensitive
and redundant position sensors.
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CHAPTER 2. CHARMIN ROBOT

a b

Figure 2.24: The two arm exoskeletons (a) ARMin and (b) ChARMin (shown with a
simplified body model of a 13-year-old child).

For a transparent robot, the static friction has to be as low as possible. All the joint
axes (mainly the first two axes) still have quite some static friction (Tab. 2.8). A
comparison with the friction torques measured for ARMin IV (Tab. 2.11) reveals that
the static friction for axis 1 is much higher in ChARMin (1.6 Nm) than in ARMin
(0.2 Nm). The increased static friction probably comes from the parallel kinematic
structure, as the other components such as the actuators and gears are comparable
in the two robots. The static friction in axis 2 is in both robots quite high because
of the passive gravity compensation mechanism affecting the joint friction. The static
friction in axis 3 is much smaller in ChARMin, which can be assigned to the parallel
kinematic structure, which has less friction than the curved guidance with the belt
transmission. The drive train in axis 4 is very similar in both robots and, therefore, it
is not surprising that the static friction is identical.

ARMin joint Friction torque [Nm]

Axis 1 (Shoulder horizontal add-/abduction) 0.2
Axis 2 (Shoulder extension/flexion) 2.4
Axis 3 (Shoulder internal-/external rotation) 2.1
Axis 4 (Elbow extension/flexion) 0.5

Table 2.11: Static friction in the ARMin IV joints was measured for the first four joint
axes.

The transparency could be reduced with the decentralized current controller setup
which decreased the cabling and, therefore, the disturbing forces coming from the ca-
bles. The transparency could potentially be further improved by using force/torque
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sensors, by reducing mass and inertia of the robot or by using a SEA approach. The
SEA design, however, was excluded because of the quite slow movements during the
therapy. A series elastic actuation is rather interesting for more dynamic movements.
Moreover, the elasticities of the SEA have to be as close as possible to the interaction
point, as the inertia of robotic parts between the elasticity and the human arm can not
be compensated. This requires a SEA design with several degrees of freedom, which
leads to a complex design (as in [178] or [179]). Exoskeleton designs with a SEA on
joint level were introduced before [180], however, with rather heavy actuators (1.3 kg)
which cannot be used for the exchangeable distal part of the ChARMin robot. The
negative influence of the cables on the transparency of the robot was reduced in our
new electronics design. The motor drives are directly located on an axis control board
on the corresponding robot axis, which reduces the cabling to only one data cable and
a power cable along the robot structure.

Compared to existing actuated arm robots that have been used with children [141,
146,147], the exoskeleton structure of ChARMin has several advantages including the
large range of motion, the completely defined arm posture, and the possibility to train
and measure single-joint movements as well as three-dimensional reaching movements
in space.
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3 ChARMin Control

3.1 Introduction

In the previous chapter, the hardware and the interface of the ChARMin robot was
described. To perform the assessments and games implemented in the interface a ded-
icated control is needed which moves the robot exoskeleton and supports the patient.
It is required for the robot that the active assistance covers the range from free non-
supported arm movements to completely guided movements (Sec. 2.1.1) to support
young patients with different levels of impairment. An active contribution to the
movement is crucial for the effectiveness of the rehabilitation training. To motivate
the patient’s active contribution to these movements, it is important that the robot is
not completely guiding the arm but cooperatively assisting the arm as much as needed.
An assist-as-needed (AAN) controller can help the patient to complete a movement
and allows for position and timing errors, since making errors is known to drive motor
learning [181], while fixed guidance rather hampers the learning process [182]. As a
further enhancement, the game-like scenarios with audiovisual feedback can instruct
and challenge the patient and motivate to remain active during the training.
In the literature, various support strategies have been described to assist the patient.
A detailed review of haptic control strategies, especially for the training of complex
movements, can be found in Sigrist et al. 2012 [183]. First, impedance control ap-
proaches aim to increase the compliance of the robot in order to allow the patient to
deviate from a predefined trajectory [184]. But to promote an active contribution of
the patient to the arm movement, controllers were introduced that try to minimize
the robot support and allow for spatial freedom while providing sufficient support
that the patient can fulfill the desired task, e.g., controllers following an AAN ap-
proach [185, 186]. However, these control strategies do usually not allow for temporal
freedom. A solution to this problem is the use of a virtual tunnel which is rendered
around a given path in space, rather than using a predefined trajectory [186,187]. This
allows freedom in terms of timing and possible deviation from the path and enables the
patient to vary the movement and to perform the ’repetitions without repetition’ (ac-
cording to Bernstein [39]). This kind of controller is often referred to as path controller
and has been used for supporting periodic movements in task space [188, 189] and in
joint space [190,191] as well as for point-to-point movements of the arm [64,187].
The less support the patient needs and the more the patient performs the movement on
his own, the more important it becomes, that the robot is not hindering the movement
of the patient and behaves transparent (as stated in the requirements, Sec. 2.1.2).
Therefore, the friction and mass of the robot should be compensated. For this reason,
an accurate model of the robot was developed and is further explained below. For
patients who only need gravity compensation without a directional support and for
the assessments, a simple arm gravity compensation model is foreseen. For severely
affected patients and instructional purposes, a position control can be applied for com-
plete guidance of the arm.
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Finally, to train complex three-dimensional arm movements as well as individual joint
movements, multi-joint and single-joint movements have to be assisted.
To cover all these requirements for the different levels of impairment, the single- and
multi-joint support, and the various game-scenarios, different control paradigms were
implemented depending on the training mode and support chosen. An overview of the
training modes and the controllers used is given in Tab. 3.1. The mentioned controllers
are discussed in the following sections.

Mode Component Controller used

Setup Hold posture Position control with current posture as RP
Testing GC Free movement with GC

Calibration Workspace
Joint angles
Hand pressure

Free movement with GC

Mobilizationa Record Free movement with GC
Reply Position control with previously recorded RP

Assessments ROM Position control with predefined posture as RP
Free movement with GC for single joint

WORKSPACE Free movement with GC
QOM Free movement with GC
STRENGTH Position control with predefined posture as RP
RPM Position control with RP inside passive ROM
CIRCLE Free movement with GC

Games Ball Free movement with GC
Sinlge-joint support

Whack-a-mole Free movement with GC
Tennis Free movement with GC

AAN path control
Position control with online calculated RP

Spaceship Free movement with GC
AAN path control
Position control with online calculated RP

Diver Free movement with GC
AAN path control
Position control with online calculated RP

Airplane Free movement with GC

Table 3.1: Control strategies used for the different therapy modes. GC = Gravity
compensation, RP = Reference positions. aThe recorded joint angle data during the
mobilization modus is simplified using splines before it is saved for a later reply (ac-
cording to [168]).

Control Architecture

An overview of the control architecture is given in Fig. 3.1. The controllers for
ChARMin are implemented in MATLAB/Simulink (MathWorks) and are executed
on a PC system using the xPC target real-time environment (Fig. 3.1, xPC real-time
PC ). The sampling frequency of the control system is 500 Hz. A second computer is
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Figure 3.1: Simplified scheme of the ChARMin control system shown with the path-
and position controller. Additional controllers for arm mobilization (teach and repeat),
single joint support or the simple compensation control are not shown in the chart.
Inverse kinematics uses the swivel angle kinematics described in [192]. FK = Forward
kinematics; IK = Inverse kinematics; p = Cartesian coordinates; q = joint coordinates.

used for the audiovisual interface (Fig. 3.1, left). According to the chosen training
mode, the controller is selected on the target computer (e.g., path control or position
control). The controllers receive information from the visual interface about the posi-
tions to support or guide to (pdes, qdes) as well as the current joint angles of the robot
(qact). Additionally to this feedback loop, the compensation model block includes the
inverse dynamic model (Sec. 3.2.1) of the robot as well as a compensation of the
passive spring mechanism (Sec. 2.3.3) and a dithering signal to reduce static friction
(Sec. 3.2.1, details below). While the outer control loop is closed by the position- or
path controller, the inner loop is a current controller which is executed on the motor
drives. For axes 1 and 2 Maxon ADS E 50/5 drives are used in the electric cabinet
(Fig. 2.21 a, box bottom left). For axes 3 to 6 in-house built current control boards
are used which are directly located on the distal module [2] (details in Sec. 2.2.3).

3.2 Method

3.2.1 Modeling

A precise model of the robot is necessary to actively compensate for dynamics and
static aspects of the robot. This model reduces disturbing interaction torques and
improves the control performance by using the inverse dynamics model as a feedforward
compensation term, as indicated with the compensation model block in Fig. 3.1.

Simplified Robotic Model

For the model-based compensation, a simplified model of the robot was used. The
robot was divided into segments which are moved by the actuators, i.e., the mass
between the actuated axes. The resulting 6 segments are shown in Fig. 3.2 with
gray circles. Each segment has an assigned coordinate system (Fig. 3.2). For each
segment, the mass was defined using the CAD model of the robot. The center of mass
was calculated according to its assigned coordinate system. Furthermore, the inertia
of each segment according to the actuated axis was computed. While the inertia for
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axis 2 to 6 was extracted from the CAD model, this procedure was not be applied
to the parallelogram structure of axis 1. Instead of calculating the inertia of all the
parallelogram components, it was more intuitive and precise to measure the inertia by
moving the structure with a position controller and a sine chirp signal reference without
the distal part and to fit a spring-mass-damper model to the data received. Segment 2
can change in length when the upper arm length is adjusted. To account for this, the
parameters for segment 2 were derived from the two different subsegments 2a and 2b,
where 2b is dependent on the upper arm length. The resulting physical parameters
for segment 2 (the mass, center of mass and inertia) are also length dependent. This
simplified model can be used for further analysis of the robot’s dynamics.

Simplified Human Arm Model

Supporting the patient’s arm against gravity is important to provoke active arm move-
ments of the patient (Sec. 1.2). Therefore, a model-based arm gravity compensation
is used. Depending on the arm gravity support which is required by the patient, the
therapist can change the amount of arm weight which the robot should support against
gravity. The patient arm is modeled with three different point masses in the upper
arm, forearm and hand. The location and mass of the different mass points was de-
termined using the anthropometric information from Winter 1990 [193]. The masses
of the arm segments are given with respect to the body weight (BW):

Upper arm mass = 0.028 · BW

Hand mass = 0.006 · BW

Forearm mass = 0.016 · BW

The distance of the centers of mass (CoM) from the shoulder-, elbow- and wrist joint
is given with respect to the according segment lengths:

Upper arm CoM = 0.436 ·Upper arm length

Forearm CoM = 0.43 · Forearm length

Hand CoM = 0.506 ·Hand length

Equations of Motion

The equations of motion were calculated to obtain a dynamic model of the robot which
can be used to compensate the robot in the control. With the simplified model from
the previous section, the positions and speeds of the centers of mass can be described
in the initial coordinate system, dependent on the segment lengths, the posture of the
robot, and the chosen distal module. Given the position and the speed of the centers
of mass (using the same rotational matrices as for the direct kinematics in Sec. 3.2.1)
the kinetic energy T and the potential energy V can be calculated (which was done
using Wolfram Mathematica 8). With the resulting terms, the equations of motion
were calculated using the Lagrange equation:

d

dt

∂T

∂q̇i
− ∂T

∂qi
+
∂V

∂qi
= τ ext (3.1)

where τ ext is the torque that is applied externally by the gravity compensation spring
(more details below in Sec. 2.2.1).
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Figure 3.2: Coordinate systems (COS) for the six ChARMin segments. The different
segment numbers are encircled. COS0 is the initial reference coordinate system of the
trunk and the visual interface, where the x and y axis build an intuitive 2D system on
the interface screen. COS1 is rotated vs COS0 when the shoulder is horizontally ab-
/adducted. COS2 is rotated vs COS1 when the shoulder is flexed/extended. COS3 is
rotated vs COS2 when the shoulder is internally/externally rotated. COS4 is rotated vs
COS3 when the elbow is flexed/extended. COS5 is rotated vs COS4 when the forearm
is pro-/supinated. COS6 is rotated vs COS5 when the wrist is flexed/extended.
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Applying the Lagrangian formalism leads to equations of motion of this form:

M(q)q̈ + C(q̇, q)q̇ + G(q)− τ spring = 0 (3.2)

where M(q)q̈ are the inertial-, C(q̇, q)q̇ the Coriolis and G(q) the gravitational terms.
τ spring is the torque that is applied externally by the gravity compensation spring (de-
tails in Sec. 2.2.1). Additionally, a Coulomb- and viscous friction model (τf,i, more
details below 3.2.1) was integrated.
An analysis of the inertia-, Coriolis-, gravity- and friction contributions to the overall
compensation torque was performed to detect negligible contributions. For this simu-
lation, all the robot axes were moved simultaneously with sinusoidal movements over
the whole joint range and the contributions of the different terms in the equations of
motion calculated. The results are presented in Sec. 3.3.1.

For the human arm model, the equations of motion can be calculated analogously to the
robot’s dynamics using the Lagrange equations 3.1 (given the masses and distances).
However, only the gravity terms were used for the compensation of the human arm in
the robot.

Kalman filter To compute the equations of motion (Eq. 3.1), the joint accelerations
are required. The acceleration estimate from a double time derivative of the encoder
measurement does not result in a sufficiently smooth signal. Therefore, a Kalman filter
[194] was used to improve the estimation. The following linear discrete-time model was
utilized for each axis:

xk = Axk−1 + wk−1, w ∼ N(0, Q)

yk = Cxk + vk, v ∼ N(0, R)

with A =

1 Ts T 2
s /2

0 1 Ts
0 0 1

 and C =
[
1 0 0

]
,

where x is the state vector [q, q̇, q̈]T , Ts is the sample time and y is the encoder
measurement. For the Kalman filter used, only the signals from the encoders are
needed which are located on the six joint axes. For the covariance matrix Q the
variances were derived from the maximally expected joint accelerations. From the
robot bandwidth cutoff frequency (Sec. 3.3.2) the maximal acceleration was estimated
that can occur (amax). This acceleration was then used as the standard deviation
of the acceleration variance. The variances for position and speed were achieved by
simple integration from the acceleration variance:

Q = diag(
1

2
a2
max · T 2

s , a2
max · Ts, a2

max) (3.3)

This stated Kalman filter was compared to other Kalman filters with different covari-
ance matrices. For this reason the position controller was used with a chirp position
reference signal. The signal started at 0.001 Hz and increased to approximately 1 Hz.
The chirp reference signal allows to easily differentiate twice to receive the actual ac-
celeration which can be compared with the estimated acceleration (assuming that the
robot can follow a given trajectory close enough).
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Example of axis 1 The position control bandwidth for axis 1 is 2.1 Hz (Sec. 3.3.2)
measured with an angle amplitude of 5 ◦. By means of this maximal position signal
(ϕ = 5 ◦·sin(ω) = 5 ◦·sin(2πf)), the maximal acceleration can be derived by taking the
second derivative. It follows that the resulting maximal acceleration for the first axis is
amax = 5 ◦/180 ◦ ·π ·(2 ·π ·2.1)2 = 15.2 rad/s2 which is a maximum change of 0.03 rad/s
each sample time of 2 ms. This value is used to calculate the Q matrix in Tab. 3.2. The
presented approach to find the Q matrix was tested against other covariance matrices
(Fig. 3.3). While lower standard deviations for the acceleration lead to more delay,
higher standard deviations tended to follow the noise of the encoder signal more. The
filtered signal which is based on the above calculated standard deviation shows a good
and smooth filtering performance. The delay of the filter is approx. 60-80 ms between
the differentiated reference signal and the Kalman acceleration (peak-to-peak). The
delay comes mostly from the filter. 5-10 ms come from a suboptimal position tracking.
For the other axes the standard deviations used for the covariance matrix Q (Eq. 3.3)
are 0.03, 0.06, 0.19, 0.10, 0.25 and 0.17 rad/s for the axes 1 to 6, respectively (Tab. 3.2).
For axis 4 a standard deviation of 0.21 rad/s was calculated, however, better results
were achieved for a standard deviation of 0.10 rad/s. The covariance R was set to
1.0e-7.

Std [rad/s] Covariance matrix (Q)

Axis 1 0.03 diag(1.80e-9, 1.80e-6, 900.00e-6)

Axis 2 0.06 diag(7.20e-9, 7.20e-6, 3.60e-3)

Axis 3 0.19 diag(72.20e-9, 72.20e-6, 36.10e-3)

Axis 4 0.10 diag(20.00e-9, 20.00e-6, 10.00e-3)

Axis 5 0.25 diag(125.00e-9, 125.00e-6, 62.50e-3)

Axis 6 0.17 diag(57.80e-9, 57.80e-6, 28.90e-3)

Table 3.2: Standard deviations used and according covariance matrices used for the
Kalman filter for the six axes. For axis 4, a standard deviation of 0.21 rad/s was
theoretically calculated, however, better results were achieved for Std = 0.1 rad/s.

Coulomb and Viscous Friction Compensation

A Coulomb- and viscous friction model was integrated which has no discontinuities
when the joint speed is close to zero:

τf,i = k1,i · (1− e−k2,i·|q̇i|) · sign(q̇i) + k3,i · q̇i (3.4)

where k1,i, k2,i and k3,i are tunable parameters. To test the validity of this model, the
joint friction was measured in axis 1. For this measurement, the axis was moved in the
position control mode with a constant speed reference trajectory, while the torque was
recorded, which was needed to maintain this speed. The resulting torques, depending
on the angle and speed of the joint, can be found in Fig. 3.4. To test whether there
is an angle-dependency of the friction, the first model consisted of two planes for the
positive and negative joint speeds. However, the angle-dependency is not given (which
can be seen in Fig. 3.4) and the friction model from above (Eq. 3.4) is sufficient (bold
blue line in the middle of the two planes.
For the other axes, the model (Eq. 3.4) was fitted by moving the robot joint with three
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Figure 3.3: (a) Example of the Kalman filter action for the first axis during a sinusoidal
movement with an amplitude of 20 ◦ for different covariances used. The covariance
calculated based on the maximal acceleration leads to the best result (0.03 rad/s).
Covariances used were 1, 0.1, 0.07, 0.03, 0.01. (b) Zoomed-in view of the Kalman filter
signals at a later time point.
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Figure 3.4: Torque needed to move the robot axis 1 at different constant speeds. The
higher the speed, the shorter was the distance where the speed could be reached and,
therefore, the data samples are reduced (black). An extended planar friction model
is shown (grid) as well as the Coulomb- and viscous friction model (blue line) (from
Eq. 3.4).

different constant speeds (2 ◦/s, 10 ◦/s, 50 ◦/s). An example of the resulting friction
torques and the fitted models can be found in Fig. 3.5 for the small distal module in
positive joint direction.
The friction model had to be adapted manually. Usually, the parameters had to be
slightly reduced, as joint oscillations occurred in certain robot postures (different from
the postures measured for the model fit). For axis 5 the parameters had to be increased
after changing the ball bearings to plastic slide bearings. The currently used friction
parameters can be found in Tab. 3.3.

The dynamic friction model (Eq. 3.4) was exemplarily tested for axis 1. This axis is
only moving horizontally and, therefore, not gravity affected and allows for an indepen-
dent measurement of the dynamic friction. The robot joint was moved with constant
speeds between 2 ◦/s and 30 ◦/s in positive and negative direction with and without the
friction compensation. The resulting motor torques can be seen in Fig. 3.6. The mean
reduction of motor torque due to the friction compensation was between 57 % and 86 %
for slow and fast movements, respectively. To ensure that the joint is not overcompen-
sated and to avoid stability issues, the friction is not completely compensated [195].
The remaining torque for axis 1 is 1.3 Nm.
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Figure 3.5: Example of the Coulomb and viscous friction model (green line) fitted to
resistance torques measured while the robot moved the joints at three different constant
speeds (red crosses). Values are only shown for a single direction and equipped with
the small distal module.
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Axis Coulomb friction
coeff. k1 [Nm]

Viscous friction
coeff. k2 [Nms/rad]

Exponential rise
coeff. k3 [ ]

1 3.3 5.5 50
2 3.0 0.4 5
3 (s) 0.25 0.1 30
4 (s) 0.9 0.7 60
5 (s) 0.65 0.13 10
6 (s) 0.12 0.05 30
3 (l) 0.3 0.03 20
4 (l) 0.8 0.4 60
5 (l) 0.3 0.05 10
6 (l) 0.15 0 15

Table 3.3: Friction parameters for the small and large distal module.
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Figure 3.6: Effect of the friction compensation model on the torque needed to move
the robot axis. The plot shows the required torque to move axis 1 with (blue line) and
without (dashed red line) friction compensation.

Static Friction and Dithering

Static friction Coulomb- and viscous friction can be compensated with the previ-
ously mentioned approach in Sec. 3.2.1 (Eq. 3.4). However, static friction from the
mechanical transmission cannot be compensated with this model (a list with the static
torques in the different ChARMin axis can be found in Tab. 2.8). The main problem
is that at zero joint speed, there is no information about the direction, in which the pa-
tient wants to start moving and, therefore, no torque can be applied to help initiating
the movement. Possible solutions are:

1. When the direction of the target is known, in which the patient wants to move,
this information can be used to forward the torque needed to initiate the move-
ment [196].

2. Using a force/torque sensor close to the patient’s arm to detect small forces and
using this information to start moving the robot. However, this approach also
needs a precise model of the patient’s arm to discriminate between interaction
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forces due to arm weight, spasticity, spasms, joint stiffness, etc. and voluntarily
applied forces to move the robot.

ChARMin is currently not equipped with force or torque sensors to extract direc-
tional information nor should the joint movement direction be predefined. Therefore,
a dithering approach was tested to reduce static friction.

Dithering Dithering is a straightforward and well-known way to reduce or over-
come static friction. It was first discussed in the 60s and has been used for a long time
[197, 198]. Dither can be introduced electronically or mechanically by a vibrator, as
was done in early auto pilots. An interesting form of this was utilized in gyroscopes
for autopilots in the 1940s [198]. There, the dither signal was obtained simply by a
mechanical vibrator. The effect of the dither is that it introduces extra forces that
makes the system move before the stiction level is reached. The effect is thus similar
to removing the stiction [198].
Applied to our robot, a dithering signal is applied electronically by the motor as soon
as the motor speed drops below a predefined speed limit (0.001 rad/s).
The pattern applied in our application was a sinus signal. The advantage of the sinu-
soidal signal is the predefined amplitude and the fact, that the force changes smoothly
between both directions compared to, e.g., a uniform distributed noise. The sinus sig-
nals ranged from 0 to 20 Hz to stay outside the hearing range (according to [199] only
under very favorable conditions individuals can obtain tonal characteristics as low as
12 Hz). Different phase shifts (0 ◦, 90 ◦ and 180 ◦) were tested for the sinus signal and
the resulting torques averaged to reduce the effect that for low frequencies the timing
of the maximal sinus amplitude may affect the torque needed to start moving.
First, each dithering signal was applied alone to test whether the robot gets instable.
When the robot stayed stable, a small linearly increasing torque was overlayed to de-
tect how much additional torque was needed to initiate the movement. In Fig. 3.7,
an example of the tested sinus frequency-amplitude combinations and the measured
static torques is shown for the first axis. This measurement can be used to find the
frequency-amplitude combination with the minimal static torque to initiate a move-
ment for both joint directions (red crosses in Fig. 3.7). In the end, only one single
dithering signal can be applied per joint. Therefore, the frequency-amplitude combina-
tion was chosen with the smallest mean static torque between both directions (orange
circle in Fig. 3.7).
The finally achieved reduction in static joint torque was measured with an externally
applied Kistler 1-DoF force transducer. The results are presented in Sec. 3.3.1.

Kinematics

The forward kinematics and inverse kinematics model of the robot are needed to de-
termine the end-effector position of the robot from its joint angles and vice versa
(Fig. 3.1).

Forward kinematics The forward kinematics model is used to calculate the end-
effector position from the single joint angles. The end-effector position can be deter-
mined by multiplication of the different rotational and translational transformation
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Figure 3.7: Static friction measured when different sinusoidal dithering signals are
applied for axis 1, tested in both joint directions. When the dithering signal alone
resulted in a joint movement, the frequency-amplitude combination was assigned a
value of 3 Nm. This helps for visual purposes and to detect the location with minimal
static friction torque (red cross). (a) and (b) show the static friction measurements
for the positive and negative direction in 3D. (c) and (d) show the measurements in
top view. The orange circle indicates the combination with the same frequency and
amplitude in both directions which is finally used in the robot.
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matrices (as introduced by Denavit-Hartenberg):

pee = T01T12T23TluT34TllT45T56Tlh (3.5)

where the different transformation are defined with respect to the coordinate system
defined in Fig. 3.2:

T01 =


cos(q1) 0 −sin(q1) 0

0 1 0 0
sin(q1) 0 cos(q1) 0

0 0 0 1

, T12 =


1 0 0 0
0 cos(−q2 + π

2 ) sin(−q2 + π
2 ) 0

0 −sin(−q2 + π
2 ) cos(−q2 + π

2 ) 0
0 0 0 1

,

T23 =


cos(q3) sin(q3) 0 0
−sin(q3) cos(q3) 0 0

0 0 1 0
0 0 0 1

, T34 =


cos(−q4) 0 −sin(−q4) 0

0 1 0 0
sin(−q4) 0 cos(−q4) 0

0 0 0 1

,

T45 =


cos(q5) sin(q5) 0 0
−sin(q5) cos(q5) 0 0

0 0 1 0
0 0 0 1

, T56 =


1 0 0 0
0 cos(q6) −sin(q6) 0
0 sin(q6) cos(q6) 0
0 0 0 1

,

Tlu =


1 0 0 0
0 1 0 0
0 0 1 −Lu
0 0 0 1

, Tll =


1 0 0 0
0 1 0 0
0 0 1 −Ll
0 0 0 1

, Tlh =


1 0 0 0
0 1 0 0
0 0 1 −Lh
0 0 0 1

.

The origin of the Cartesian coordinate system is placed in the shoulder of the patient.
Lu, Ll, and Lh are the lengths of the upper arm, forearm, and the distance from the
wrist to the handle.

Jacobian The Jacobian is needed to calculate the joint torques from the desired
end-effector forces (e.g., Fig. 3.1).

τ joint = JT · fp (3.6)

The Jacobian also describes the transformation from the joint speed to the end-effector
speed:

vee = J · vq (3.7)

This relation (Eg. 3.7) can be used to derive the Jacobian. First, the end-effector
speed is calculated using the time derivative of the end-effector position described with
respect to the origin of the Cartesian coordinate system. In a second step, the terms
of the end-effector speed vee are brought into the form from Eq. 3.7. These operations
were performed in Wolfram Mathematica 8. The resulting Jacobian is dependent on
the angular positions and the chosen robot arm lengths.

Inverse kinematics Due to the redundancy in the human arm, there exists an in-
finite number of solutions to reach a given point in space. This set of solutions is
reduced by defining the swivel angle1 (introduced by Badler 1996 [200]). However,
the challenge remains to find an appropriate swivel angle. Several publications close

1The swivel angle is the rotation angle of the plane defined by the upper and lower arm around a
virtual axis that connects the shoulder and wrist joints [192].
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with a conclusion that a function to define the swivel angle is difficult to find, as it
depends on the subject, the kinematics, dynamics, comfort, and the hand orientation
[201, 202]. Different models exist for the inverse kinematics (IK) of the arm using the
swivel angle [192, 203]. For ARMin, a swivel angle based inverse kinematic was used
where the swivel angle is dependent on a relation between the external shoulder rota-
tion [170], the hand pronation and the hand orientation based on Marotta et al. 2003
[204]. However, the hand orientation was usually fixed and, therefore, the shoulder
external rotation and pronation/supination were both constant 0 ◦.
For the inverse kinematics in the ChARMin exoskeleton, two different inverse kinemat-
ics were tested. For simplification of the inverse kinematics it was assumed that the
wrist (axis 6) and pro-supination (axis 5) do not contribute to the end-effector position.
Consequently, the inverse kinematics can be solved analytically and the IK only cal-
culates angles for the first 4 joints of the exoskeleton. The first IK chosen was similar
to the one used in ARMin with a fixed external rotation of 10 ◦. A slightly externally
rotated posture was chosen, as usually the children are in an internally rotated arm
posture and an externally rotated grasping position is useful for therapy (according to
the therapists). However, too much external rotation restricts movements to the lower
end of the workspace. The second IK tested was the one suggested by Kim et al. [192].
To test whether the different inverse kinematics have valid solutions, the IK was ap-
plied to different randomly chosen end-effector positions. In order to illustrate and
compare the solutions, end-effector positions were chosen in the frontal plane (z-axis:
-0.3 m for the small module and -0.35 m for the large module). The solutions for the
two different IK can be seen in Fig. 3.8 (large module, right side, upper arm length
6, lower arm length 5 and hand length 3). The first subfigure (Fig. 3.8 a) shows the
IK according to Kim (in the following referred to as Kim IK). In the second subfigure
(Fig. 3.8 b) the constant rotation solution is plotted. To better compare these two
inverse kinematics the third subfigure (Fig. 3.8 c) shows an overlay of both kinemat-
ics. The blue markers show end-effector positions which have a solution with both IK
approaches. The black markers are regions that have only a solution with the con-
stant rotation solution and the green markers indicate areas which can only be reached
using the Kim IK. The Kim IK has a larger workspace in high positions and covers
the right side slightly better. For lower areas, not all the end-effector positions have a
valid solution using the Kim IK. However, this region is not very important to reach
as it is too close to the legs of the patient (legs indicated in Fig. 3.8 c with the black
rectangle). Furthermore, the Kim IK leads to elbow positions which are closer to the
trunk than the constant rotation solution for lower positions (Fig. 3.9 left side). The
constant rotation solution has less workspace in the top and bottom region, however,
it has a larger workspace to the left and has always valid solutions inside the reachable
workspace. Moreover, the elbow is further away from the child’s trunk. For higher
end-effector positions, the posture the constant rotation solution has a quite high and
sometimes uncomfortable elbow position (Fig. 3.9 right side). As a consequence, the
IK chosen for the ChARMin robot is a combination of both, i.e., for positive y-values
the Kim IK is used and for negative y-values, the constant rotation solutions is ap-
plied to get rid of the region with non-reliably solutions and to increase the reachable
workspace to the lower left (Fig. 3.8 d). Given the whole range indicated in the figure
(x: -0.3 ... 0.5 and y: -0.35 ... 0.4), the Kim IK had no valid solution in 57.79 % of the
positions and the constant rotation in 65.03 % of the positions. The combination of
both IKs has no solution in 59.43 % of the positions. This whole range is larger than
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what is used for the games, however, it shows that the combined IK solution does not
affect the number of valid solutions of the IK.
This mixed solution can only be applied, as the IK is never being calculated contin-
uously to determine desired positions, which would lead to discontinuities when the
y-value changes its sign. In the control used for the ChARMin robot, the IK is cal-
culated for the desired position and subsequently a minimal jerk profile trajectory for
each single joint is determined to reach the target in a predefined time, i.e., the IK is
only calculated once before the movement is performed.

Figure 3.8: IK solutions for different spatial end-effector positions. The analyzed
positions lie in the frontal plane at a distance of 0.35 m from the shoulder position.
The red markers indicate end-effector positions which cannot be reached or for which
no valid solution exists. (a) Kim inverse kinematics. (b) Inverse kinematics with
constant 10 ◦ shoulder external rotation. (c) Overlay of the two inverse kinematics
solutions. The black rectangle indicates the region which is occupied by the patient’s
legs. (d) Combination of the two IK’s where the Kim IK is used for positive y-values
and the constant external shoulder rotation IK for negative y-values.
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Figure 3.9: Two positions in the end-effector space and its inverse kinematic solutions
according to Kim et al. 2012 and with a constant shoulder external rotation angle of
10 ◦ seen from three different sides. The black disc represents the head of the patient
while the black lines indicate the trunk and the connection between the two shoulders.
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3.2.2 Position Controller

Position controllers are used when an active device needs to follow a given reference
trajectory. To improve this tracking, the robots control and mechanics are usually
designed to behave very stiff. For a robot in interaction with a human, this means
that no interaction torques between the robot and the patient are considered and the
robot strictly follows a predefined trajectory. This kind of controller can be used for
arm mobilization, for patients who need 100 % guidance, to instruct a task, to lock
single axes (e.g., during single axis games) or to move the robot to predefined positions
(e.g., during assessments). The position controllers in ChARMin operate on joint-level,
i.e., the controller receives the current joint angles of the robot and the desired joint
angle trajectories and calculates the desired torques for the single axes (Fig. 3.1).
For the position controller, a proportional-derivative (PD) controller is used. For a
first estimation of the position control gains, the Ziegler-Nichols method was used. It
was applied by first setting the derivative part to zero and increasing the proportional
gain until it reaches a level at which the robot joint becomes unstable and starts
oscillating. This was investigated by applying a sinusoidal 0.2 Hz reference trajectory
to the controller while increasing the proportional gain, as instabilities appear earlier
in the moving joint. These critical gains (kc) and the corresponding oscillation period
(Tc) were measured (Tab. 3.4). Afterwards, the proportional gains (PZN = 0.8 · kc)
and derivative gains (DZN = kc · Tc/8) were calculated. For some joints, these gains
have to be slightly adapted. For this reason Tab. 3.4 also shows the manually adjusted
values that are finally used in the position controller (P , D).

kc [Nm/rad] Tc [ms] PZN DZN P D

Axis 1 8500 56 6800 59.5 6800·0.8 59.5

Axis 2 1800 77.4 1440 17.4 1440·1.5 17.4

Axis 3 400 117.8 320 5.9 320 5.9

Axis 4 900 172.4 720 19.4 720 19.4

Axis 5 200 147 160 3.7 160 3.7

Axis 6 300 120 240 4.5 240·0.65 4.5

Table 3.4: Ziegler-Nichols analysis and resulting position control gains for the small
and large distal module.

To test the performance of the position controllers, the bandwidth was measured for
the small distal module using a sinusoidal chirp position reference signal with an ampli-
tude of 5 ◦. The bandwidth of the position controller was then defined as the frequency
at which the amplitude dropped below the -3 dB line (1/

√
2). The position control per-

formance can also be tested by measuring the position tracking of the robot. Therefore,
the six joints of the robot were moved simultaneously with the position controller with
0.2 Hz and an amplitude of 20 ◦ for 5 s. The results for both tests can be found in
Sec. 3.3.2.

3.2.3 Assist-as-Needed Path Controller

In the previous section, the position controller was introduced. For robots that interact
with patients, a complete guidance of the arm is often not desired, as the user is not
motivated to actively contribute to the arm movement. This section describes how the
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path controller approach can be combined with various support features to support
the patient arm during the exercise.

Robot Setup

The herein presented assist-as-needed (AAN) path controller for the arm support in
the ChARMin robot is end-effector based, i.e., the supporting forces act on the hand
movement in space, while the elbow position is free to be moved, allowing the patient a
multitude of postures to reach a given hand position. Therefore, the controller can be
tested and evaluated with either the ChARMin exoskeleton robot or the PASCAL end-
effector robot (Fig. 3.10). The development of the AAN path controller had started
before the ChARMin robot was finished. Therefore, first path controller evaluations
were performed with the PASCAL robot (Sec. 1.4.2). For these tests, PASCAL was
decoupled from the Lokomat robot to focus on the upper extremity only. For the tests
performed in the subsequent sections, the robot end effector was attached to the hand
by replacing the cuff with an appropriate handle.

ChARMin PASCAL

f
pc

f
pc

Figure 3.10: The AAN path controller is end-effector-based and can, therefore, apply
the path control forces (fpc) to different robotic platforms, such as the exoskeleton
robot ChARMin or the end-effector robot PASCAL. The two robots ChARMin and
PASCAL robot are shown with a simplified body model of a 13-year-old child.

Support Features

The PASCAL robot is used to support arm movements along a path in space. However,
the patient may not be able to move actively along the given path. Therefore, the
controller presented in this paper has four main features to help the patient’s arm to
move along the path:

• Virtual tunnel to stay close to the desired path

• Minimum and maximum speed restrictions

• Direction-dependent supportive flux along the path

• Gain-scheduling control to ensure that the target position is reached

These features will be discussed in the following subsections.
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Virtual Tunnel

In order to help the patient to stay close to a prescribed path in space, a virtual tunnel
is rendered from the given start position pstart to the desired target position ptarget
of the path (Fig. 3.11) [191]. If the patient deviates from the given path, the tunnel
wall will apply a force in the direction of the path and, therefore, push the patient’s
arm to stay close to the path. In close vicinity of the path, there is a dead band
with constant radius Rw, where no tunnel forces are applied. This allows the patient
to choose his individual trajectory without being assisted (patients with little or no
remaining functions can be supported by the additional strategies introduced later).
If the actual position pact is outside this radius, a tunnel force f t,1 is applied to the
end effector at position pact,1 (Fig. 3.11) that points in the direction of the shortest
distance to the path (Euclidean distance). Therefore, the patient’s arm is forced to
move towards the path.

pact,1

pact,2

pact,3

ptarget

pstart

pNN

∆d

f t,1

f t,2

f t,3

x

y

Rw

tflux

Figure 3.11: Concept of the virtual tunnel used in the path controller. Simplified to a
planar case for better understanding.

The resulting force field for the tunnel can either be calculated by real-time differen-
tiation of a potential field calculated beforehand (e.g., by using radial basis functions
to build up a potential field [205]) or by directly calculating the force field in a given
position. The approach presented in this paper requires that the force field can be
changed during a movement (as described later by the changing path using minimum
and maximum speed boundaries) and, therefore, the tunnel force applied to the arm
is calculated online by using the following formula [64]:

f t =

{
K · (∆d−Rw) · pact−pNN

∆d , if ∆d > Rw
0, else

(3.8)

where ∆d = |pact − pNN |, pNN is the nearest neighbor position on the path and K
is a diagonal matrix with the stiffness values for the tunnel wall. Both, K and Rw,
can be adapted during the therapy to adjust the controller to the needs of the patient.
It can be seen from (3.8) that the tunnel force increases linearly with the distance to
pact from the path. When the actual position is lying rearward to the start position
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(pact,2, Fig. 3.11), pNN is set to coincide with the start position. As a consequence,
the tunnel forces f t,2 point to the start position. In the case that the actual position is
ahead of the target position (pact,3, Fig. 3.11), pNN is set to coincide with the target
position and the tunnel forces point to the target.
The force calculation according to (3.8) will only produce a smooth force field over
the whole workspace for end-effector positions pact that have only one single nearest
neighbor. This is only true if the local radius of the path (rpath) is longer than the
distance between the actual position and its nearest neighbor position and, therefore,
the necessary condition for the curvature κ of the path is:

κ <
1

|pact − pNN |
∀ pact ∈W,

where W is the set of the points that lie within the reachable workspace. As a con-
sequence, it has to be ensured, that only reference paths are chosen that fulfill this
condition for all possible end-effector positions within the workspace.

Minimum and Maximum Speed Restrictions

A patient may not be able to move along the tunnel trajectory on his own. Here, the
robot should adapt its support and start assisting along the path. For this purpose,
a minimum speed reference trajectory is defined from the start to the target position.
In case that the patient is slower than this minimum speed reference an additional
force will help to move along the path. The idea to have a minimum speed was
already introduced in 2003 by Krebs and his group [187] and was applied to the ARMin
robot [64]. Based on this, a minimum speed trajectory pmin(t) is defined using a
minimum jerk profile. The minimum jerk paradigm is widely used in the literature
[206]. However, for very slow movements, the speed trajectory should be changed to
a constant velocity profile. This minimum speed trajectory can be considered as a
moving wall in the back of the virtual tunnel, i.e., if the patient is not moving or his
speed is too slow, the back of the tunnel will push the end effector towards the target
position.
Another issue is that a patient can also move too fast, e.g., if a start position is
above the target position. In this case the arm may fall down inside the tunnel due
to the acting gravity, unless there is a braking force. In our project framework, this
problem was solved by introducing an additional maximum speed trajectory pmax(t)
analogous to the minimum speed trajectory. This maximum speed trajectory defines
the momentary end of the virtual tunnel, i.e., when the arm is moving too fast, the
moving front end of the tunnel constrains the arm speed according to the maximum
speed profile. Both speed boundaries superimposed lead to a virtual tunnel which
is lengthening and contracting while the patient moves from the start to the target
position. This is illustrated in Fig. 3.12.

Direction-Dependent Supportive Flux

The minimum speed trajectory was introduced to help patients that cannot move their
arm along the path. This approach can even be used for patients with severely affected
arm functions or a completely passive arm. But patients with mildly affected arms
may only need a little support to perform the movement on their own. Therefore, the
concept of flux is introduced. The flux is an adaptable force that helps the patient
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Figure 3.12: Development of the virtual tunnel towards the target position. The
arrows are the calculated forces that point in the direction of the nearest neighbor
on the path and the potential lines are shown for better understanding of the tunnel
shape. Furthermore, the dead band is indicated by a dashed line. (a) Initial situation,
an impedance controller keeps the hand at the start position. (b) As soon as the target
position is shown, the minimum and maximum speed trajectories start spanning the
virtual tunnel in which the patient can freely move. (c) An impedance controller
attracts the end-effector to the target position.

along the virtual tunnel [64,191,207].
This supportive flux fflux can be calculated by the following formula:

fflux = kflux · tflux (3.9)

where kflux denotes the flux gain and can be adapted by the therapist and tflux is the
direction of the flux which is parallel to the tangent of the path (Fig. 3.11). Generally,
the total support applied by the path controller at the end effector is the superposition
of the flux and the tunnel forces (As shown in Fig. 3.13):

fpc = fflux + f t (3.10)

To account for different directions, the flux should be higher, when the inclination of
the path from the horizontal is increased. The chosen solution to account for this is a
direction-dependent flux factor kdd that is used to calculate the flux:

fflux = kdd(tflux) · kflux · tflux (3.11)

where kdd(tflux) is calculated using the scalar product of the tangent vector tflux and
the unit vector in the vertical direction ey:

kdd(tflux) =
1

2
(tTflux · ey + 1) (3.12)

The direction-dependent flux factor is illustrated in Fig. 3.14 for the two dimensional
case. The black arrows indicate the direction while its norm is given by kdd. The red
line is the envelope of all the possible directions. This allows to quickly see the amount
of support which is generated in different directions.
With the new flux factor, the complete flux force is applied, when the path is pointing
in the upward direction, half the flux, when the path is horizontal and no flux, when
the arm is moving top down. An example of the calculated direction-dependent flux
force field is shown in Fig. 3.15.
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Figure 3.13: (a) Tunnel force field around the path from start position to target
position (without minimum and maximum speed limits). (b) Tunnel- and flux force
field applied to the end effector and according potential lines for better visualization
of the tunnel and the flux.
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Figure 3.14: Illustration of the direction-dependent flux factor kdd. The arrows point
in direction of the tflux while its length is kdd. The dashed blue line gives an example of
full support to the top direction and 25 % of the support to the left and right direction.

83



CHAPTER 3. CHARMIN CONTROL

-0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

x direction [m]

y
d
ir
ec
ti
o
n
[m

]

Forces

Path
pstart

ptarget

Dead band

Figure 3.15: Force field of the direction-dependent flux to support the end-effector
movement along the path. The force field is the highest for the upward direction. The
tunnel force is set to zero for this visualization.

Gain Scheduling

Depending on the stiffness of the tunnel wall, it may not be possible to reach the target,
e.g., if the patient is completely passive or has a mild spasticity, the minimum speed
wall will push the patient close to the target position and the impedance controller
will keep the patient there, but the hand will deviate from the target position because
of the arm’s weight pushing into the wall of the impedance controller. In order to
bring the hand closer to the target position, the stiffness of the impedance controller
is continuously increased and the dead band radius Rw is decreased, until the hand is
in the desired target region, or the predefined maximum stiffness is reached. This is
indicated in Fig. 3.12 in panel C with the steeper potential around the target position
(compared to panel A). In the currently implemented version, the algorithm first waits
2 seconds after the minimum speed wall reached the target and then starts increasing
the stiffness. This allows the patient to first try to reach the target on his own.

Implementation of the Path Controller

The adopted AAN path control strategy is implemented in MATLAB/Simulink, and
the real-time code is executed on a desktop PC running xPC target (Mathworks).
The sampling rate is 1 kHz. A simplified version of the control chart can be found in
Fig. 3.16. On the right side is the PASCAL robot in interaction with the patient’s arm
(τ int). Position sensors measure the actual angles qact in the kinematics structure. The
forward kinematics of the robot is used to calculate the actual end-effector position
pact, which is fed into the visual interface implemented in the Unity game engine (Unity
Technologies). The interface gives visual feedback about the end-effector position as
well as the start position pstart and target position ptarget that define the current path.
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Figure 3.16: Control chart of the AAN path controller.

This information is used to calculate the nearest neighbor point pNN on the path
and the tangential vector tflux by means of the end-effector position. Additionally,
the minimum and maximum speed trajectories (pmin(t), pmax(t)) are calculated using
the minimal and maximal speed values defined by the therapist in the settings of the
visual interface. The speed trajectories, pNN , tflux, and the current position are used
to calculate the path control forces fpc according to (3.10). The transposed Jacobian

JT is used to derive the corresponding joint torques τ pc that are used together with the
torques from the compensation model τ comp (consisting of friction, gravity, and spring
compensation) as a reference for the torque-controlled motor drives (Maxon motor,
Switzerland).

Test Setup

A first test was performed with the AAN path controller by using a simple interface,
where the end-effector position of PASCAL was represented as a sphere on the screen.
The task was to move to one of eight different targets located at a distance of 10 cm
around a starting position (Fig. 3.23). To avoid having gravity always act in the same
direction with respect to the path, and for a better understanding of the test results,
the targets and the starting position were placed in the vertical x-y plane (frontal
plane) at a distance of 0.4 m from the subject’s shoulder. Each of the eight targets
had to be reached two times and the calculated reference path was a straight line from
start to the target position. The robot safety features correspond to the criteria of the
ethics committee of the Kanton of Zurich.

Evaluation of the AAN Path Controller

The controller was tested for two extremal conditions, i.e., for a completely passive
user, who needs full support and an active user who needs no assistance (results are
given in Sec. 3.3.3). The performance of a patient is expected to be in between these
extremal conditions. However, a few children with CP and a spastic arm may need
full assistance from the different support features to reach a target. Furthermore, the
passive condition can be used for arm mobilization or to instruct movement tasks. To
test the full support condition, a subject was instructed to stay passive while the robot
moves the left hand. Three passive arm conditions were used with different control
parameter sets to show that the robot can perform the movement without any active
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subject contribution and to investigate the influence of the different control parameters.
The first condition tested whether the target can be reached when choosing a small
tunnel wall stiffness and without flux. In this condition, the wall stiffness was 500 N/m,
the minimum speed 0.03 m/s, the maximum speed 0.2 m/s, the maximum stiffness of
the impedance controller at the target position 5000 N/m and the radius Rw was
0.01 m. In the second condition, the wall stiffness was increased to 3000 N/m and Rw
decreased to 0.005 m, while the other parameters were unchanged, to test the influence
of the tunnel wall stiffness and the minimum speed wall on the tunnel forces and the
distance to the target. The third condition was used to show the influence of the flux
on the forces that are applied by the virtual tunnel and on the movement timing. A
flux gain kflux of 12 N was used.
In a fourth condition, the subject was instructed to actively move to the target as
straight as possible, in order to show, that the controller is only assisting if needed.
Here, the flux gain was set to 0 N, while the other parameters were unchanged.

3.2.4 Single-Joint Controller

The AAN path controller can support complex multi-joint movements to a desired
target position in spatial coordinates. For games which are played with a single joint,
the path to the target is the movement of the joint to the target angle. Therefore, a
simpler controller can be used for these games, i.e., the ball game and the whack-a-mole
game.

Ball Game

The goal of the ball game is to hit the ball which is rolling downwards on an inclined
plane with a bar on the bottom of the screen. The game can be played with one of the
six available active joints. This game was similarly implemented in the ARMin robot
already [168]. The robot supports the joint to reach the position, where the ball will
hit the horizontal axis where the bar is (Fig. 3.17). The supporting joint torque τjoint
is dependent on the normalized amount of support chosen by the therapist ks (0 ...
1), the extremum range values qmin and qmax (can be changed in the patient settings),
the desired joint position in radian qdes and the torque which is maximally applied in
each particular joint τmax. Furthermore, the amount of support is incremented the
closer the ball is to the bottom of the screen. The normalized ball height is used as a
support incrementer (tinc = 1− hball):

τjoint =

{
(qdes − qjoint)/(qmax − qmin) · ks · τmax · tinc, if ḣball < 0

−q̇joint · djoint, if ḣball > 0
(3.13)

The controller used is slightly different from the adult version. In the ARMin robot,
the bar was supported to the current ball position and not to the target position.
However, this behavior does not allow the patient to predict where the ball will hit
and move to this position but will rather restrict the bar to the current ball position.
Furthermore, a scaling was added with qmin and qmax which ensures that the robot
support is not decreased when a smaller range is calibrated.
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Figure 3.17: Visualization of the single-axis support during the ball game. The goal
of this game is to catch the falling ball by moving the bar at the bottom of the screen
with a predefined joint of the robot.

Whack-a-Mole

The goal of the whack-a-mole game is to move the joint to the location where a mole
is appearing in the virtual reality interface and hit it with a hammer. For this single-
axis game, the support approach is slightly different from the ball game. There is no
rolling ball which can be used as an incrementer for the support, when the joint is not
in the correct position. However, the mole is only showing up for a predefined time
(ttotal) before it disappears again. Therefore, the time elapsed since the mole showed
up (telapsed) can be normalized with the total time and be used as an incrementer
(tinc = 1 − (ttotal − telapsed)/ttotal) to increase the support up to a predefined amount
of assistance (Eq. 3.13).

3.2.5 Control Stability

Passivity

A passivity-based approach was used to prove the stability of the different controllers
implemented. Passivity is an inherent property of most of the real environments [208].
It is known that passivity is a necessary and sufficient condition for stability of a sys-
tem when interconnected with another passive system (assuming that the user of the
robotic system stays passive) [208,209]. The reason is that passive elements can store
or dissipate energy but do not increase the energy in a system and hence not destabi-
lize it. Therefore, it is usually tried to make a robotic interface appear passive to the
user, i.e., that the controllers are based on emulated passive mechanical elements of
arbitrary complexity or its superposition ([205]). The stability is typically analyzed by
verifying the passivity of the concept and a complex stability analysis is not necessary.
In the following, the applicability of the passivity approach is discussed for the PD
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qmin qmaxqjointqdes

mole

hammer
τjoint

Figure 3.18: Visualizations of the single-axis support during the whack-a-mole game.
The goal of this game is to hit the appearing mole by moving the hammer (highlighted
with white contours in this figure) with the chosen joint of the robot.

position controller, the path controller, the virtual walls, and the learning controller
which is based on a conservative force field [205].

Position control The PD controller consists of a constant gain and a differential
part. It can, therefore, be interpreted as a passive viscoelastic element which is attached
to a constant desired position. Given the passivity considerations above, the PD
controller stays stable when interacting with a passive system, given that the control
gains are not chosen too high. This was avoided by using the Ziegler-Nichols approach
(Sec. 3.2.2) to tune the PD gains. With this methodology the system is intentionally
brought into an unstable state in order to know the stability limit and to chose gains
that are clearly below this stability limit.

Path control The path controller is characterized by a conservative force field that
surrounds the path to a given target position. The passivity constraint is fulfilled as
the force field is modeled as a linear elastic element and, therefore, the net energy
provided to the user is unchanged.

Gain scheduling In the case of gain scheduling and the direction-dependent flux,
the wall stiffness is increased to a maximum value of 2000 N/m, i.e the potential is
increased for a given position and, therefore, the force pointing to the target position
is increased.
Our system can be considered passive, as its user interface displays passive behavior.
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Considering that the system is only stable because of a positive definite feedback gain
(K in Eq. 3.8), the system should be referred to as almost strictly passive (ASP) [210],
i.e., the closed-loop system is strictly passive due to the stabilizing feedback gain. For
an almost strictly passive system, it was previously shown that it maintains high-gain
stability with any nonlinear nonstationary high gains [210]. It follows that the tunnel
wall stiffness can be increased and stability maintained. A possible restriction is that
the scheduling variable should ”vary slowly” [211], which is assumed to be fulfilled by
increasing the gain during 3 s. The gains are increased linearly and continuously and
the gain is restricted by a maximum value of 2000 N/m.

Minimum and Maximum speed limits In the case of the assist-as-needed path
controller presented here, the robot is not only emulating the behavior of passive
components, as there is the minimum and maximum speed walls that start moving the
patient’s arm and, therefore, the potential field is time-dependent and as a consequence
nonconservative force and the traditional notion of passivity fails. Thus, it will occur
that net energy is provided to the passive user, e.g., when the robot starts moving
the stagnant arm. However, the speed changes are very low-dynamic and the forces
that come from the minimum speed wall increase slowly. Furthermore, the introduced
energy is restricted to the kinetic energy of the arm moving at minimum speed. A
possibility to cope with dynamic virtual environments which increasing net energy is to
use a passivity observer and to stabilize the system by dissipating the excessive energy
[212]. In the presented controller, the added energy is bounded and no additional
measures are planned to dissipate this energy.

Virtual walls Virtual walls were implemented on joint level to prevent hard impacts
on the mechanical end stops. The virtual walls are modeled as virtual springs with
linear stiffness starting about 3 ◦ before the mechanical stop. When leaving the virtual
wall a damping component was added to brake fast impacting movements. The spring-
and damper components of the virtual wall fulfill the criteria for passivity.

Sample Frequency Dependent Stability

The passivity condition is sufficient for a continuous but not for a discrete time system.
Here, energy may be generated because of the sampling process and cause instabilities.
Diolaiti et al. [213] presented a methodology to analyze the achievable performance of
a discrete time system. The analysis relates the dimensionless viscous friction (β) and
Coulomb friction (σ) to stability properties. The consideration is for the worst case
stability scenario with minimal damping, in which the user is not or barely touching
the haptic device, thus adding negligible impedance to the system [213]. This approach
allows to define the maximally renderable stiffness on joint- and end-effector level to
achieve a locally stable system. Using the maximum joint velocity ξ̇max the (β, σ)-plane
can be divided into different stability regions A to E (Fig. 3.19), where A is a globally
stable region and E is a locally stable region (stable when the speed remains below
ξ̇max). In the paper, it is stated that most haptic devices rendering their maximum
stable stiffness operate in region E. Their dissipation is dominated entirely by Coulomb
friction, which works well at low speeds.
To analyze in which region ChARMin is operating the rendered stiffness, the encoder
resolution, and the sampling interval had to be defined, which was done exemplarily
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Figure 3.19: Stability regions according to Diolaiti 2006 [213]. On the x- and y-axis
the dimensionless viscous friction (β) and Coulomb friction (σ) are plotted. ξ̇max is
the maximum joint velocity.

for the first axis (Tab. 3.5). The resulting plots are listed in Fig. 3.25, Fig. 3.26, and
Fig. 3.27) in the results section (Sec. 3.3.4). The sampling frequency in the previous
ARMin control was 1 kHz. However, due to the CAN bus communication, which needs
more computational time. The sampling time of the real-time controller had to be
reduced to 500 Hz (Sec. 3.1). In order to analyze possible restrictions due to this
reduction, the analysis was performed for both frequencies.

Parameter Dimensionless value axis 1 Value

Spring stiffness Ka 6800 Nm/rad
Encoder resolution ∆ 2π/ 4000 / gear
Sampling interval T 2 ms

Velocity ẋ ξ̇ = ẋT
∆

Viscous friction bb β := b
KT

Coulomb friction cb σ := c
K∆

Table 3.5: Diolaiti parameters for axis 1. aThe stiffness corresponds to the maximal
position control gain found in Tab. 3.4. bValues from the friction compensation model
(Tab. 3.3, b = 5.5 Nm rad−1 s−1, c = 3.3 Nm).
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3.3 Results

3.3.1 Modeling

Equations of Motion

The analysis of the contributions of the different terms in the equations of motion
revealed that Coriolis effects can be neglected for joint speeds relevant for therapy
(i.e., approx. 0-50 ◦/s) (Fig. 3.20). Hence, the equations of motion can be reduced to:

M(q)q̈ + G(q)− τ spring + τ f = τ joint (3.14)

with τ joint being the motor torques applied to the joints to compensate the robot.

44%

5% 12%

40%

56%

1%
4%

39%

70%

< 1%

< 1%

30%

Speed 18.2 ◦/sSpeed 92.0 ◦/sSpeed 184.0 ◦/s

Gravity G(q) Coriolis C(q̇, q)q̇ Inertia M(q)q̈ Friction τ f

Figure 3.20: Contributions of different modeled effects (gravity G(q), Coriolis
C(q̇, q)q̇, inertia M(q)q̈ and friction τ f ) to the overall compensation torques applied
to the robot for different speeds. For this analysis the robot joints were moved simul-
taneously and sinusoidally. The speed shown is the sum of all six RMS joint speeds.
The gravity part also includes the torques that are later compensated by the spring.

The resulting compensation model is a good estimation of the real system. However,
the model can never be a perfect match with the real system. Non-modeled aspects
such as cables, plugs, cushions, etc. and imprecisions in the mass, inertia, and material
estimations lead to under- and overcompensation of the exoskeleton. Therefore, the
compensation model has to be further manually tuned. Mainly the gravitational and
frictional gains have to be adapted. The correction factors for the gravitational model
are given in Tab. 3.6.

Dithering

With the dithering approach, the joint torques needed to overcome the static friction
were reduced by 32 % (sinus: 5 Hz, 0.56 Nm), 42 % (sinus: 15 Hz, 0.4 Nm), 12 % (sinus:
5 Hz, 0.25 Nm), 54 % (sinus: 12 Hz, 0.2 Nm) and 51 % (sinus: 10 Hz, 0.1 Nm) in the
joints 1, 3, 4, 5, and 6. For axis 2, dithering could not be applied as the passive gravity
compensation mechanism with most of the static friction comes after the gear with the
mechanical play. The results are shown in Fig. 3.21.
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Figure 3.21: Comparison of the joint static friction with and without (indicated with
’Control’ in the figure) the sinus dithering signal. In each condition, the static friction
was measured 10 times by means of an externally applied 1 DoF Kistler force sensor.
For axis 2, no dithering signal could be applied.
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Axis Correction factor
small distal module

Correction factor
large distal module

1 1.0 1.0

2 1.3 1.2

3 1.0 0.6

4 1.0 0.7

5 1.1 0.6

6 0.9 0.9

Table 3.6: Correction factors used for the compensation torques of the gravitational
model.

End-Effector Stiffness

Two different aspects influence the stiffness felt at the end-effector of the robot. Firstly,
the mechanics of the exoskeleton which are not perfectly stiff. Secondly, the stiffness
which can be rendered by the single joints (details in Sec. 3.3.4). The cumulated
stiffness felt at the end-effector was measured by applying an external force with an
AFG (Advanced Force Gauge) 1000N (Mecmesin, UK) force sensor at the robot end
effector, while the robot holds the posture with a stiff position controller. The force
applied in the positive and negative translational directions (according to the coordi-
nate convention introduced in 2.3) was measured together with the deviation from the
initial position. The robot length settings were set to the middle of the range and the
robot was brought in a predefined posture ([45 90 0 90 0 0]T, according to convention
introduced in Appendix A.2.4), which is considered to be in a normal working position.
The resulting stiffness is listed in Tab. 3.7.

End-effector stiffness [N/mm]
Direction Positive direction Negative direction

X 1.0 1.1
Y 1.3 1.3
Z 2.4 2.9

Table 3.7: End-effector stiffness of the ChARMin robot. According to the coordinate
system in Fig. 2.3.

While the end effector stiffness in X- and Y- direction is comparable, the end-effector
stiffness in Z-direction is much higher, which is due to the selected posture, where
forces in Z-direction produce less joint torques than in X- and Y-direction.

3.3.2 Position Control

The position control bandwidths for axis 1 to 6 are 2.1 Hz, 3.0 Hz, 5.3 Hz, 5.5 Hz, 6.0 Hz,
and 5.0 Hz, respectively (Tab. 3.8). The test with axis 2 was stopped before crossing
the -3 dB line due to strong vibrations (Fig. 3.22). The frequency at the end of the
test was selected for the bandwidth. Under heavy load conditions, i.e., with an average
arm weight of a 13-year-old (1.23 kg upper arm, 0.74 kg forearm, 0.28 kg hand, using
the small distal module) the position control bandwidth was unchanged or reduced for
axis 1 (1.9 Hz), axis 2 (2.9 Hz), axis 4 (3.7 Hz), and axis 6 (5.0 Hz). The bandwidth for
axis 3 (7.8 Hz) and axis 5 (9.1 Hz) was markedly increased.
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Figure 3.22: (a) and (b) show the position control Bode plots for axes 1 to 6 of
ChARMin. The bandwidth was measured where the gain transfer function crosses the
-3 dB line (emphasized with the vertical lines in the gain plot). (c) Sample of the
angular position control reference (black line) and the actual position for the axes 1 to
6 at a frequency of approx. 1 Hz and an amplitude of 5 ◦.

For the position tracking test, the mean absolute error between the actual- and refer-
ence position was 0.0116 ◦, 0.0521 ◦, 0.0408 ◦, 0.0465 ◦, 0.0743 ◦, and 0.0147 ◦ for axis 1
to 6, respectively. Fig. 3.22 c shows an example of the position tracking performance
(bandwidth test at approx. 1 Hz and an amplitude of 5 ◦).
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Axis 1 Axis 2 Axis 3 Axis 4 Axis 5 Axis 6

Position bandwidth [Hz] 2.1 3.0 5.3 5.5 6.0 5.0

Table 3.8: Position control bandwidth for the ChARMin axes 1 to 6 (small distal
module).

3.3.3 AAN Path Controller

The AAN path controller was first tested with a passive subject and two conditions
with different path control parameters. The resulting end-effector paths can be seen
in Fig. 3.23. All targets were successfully reached twice, while the deviation from the
direct path was higher for the first condition (Fig. 3.23 a) due to the low wall stiffness.
In the second condition (Fig. 3.23 b), the arm deviated less from the direct path. The
deviation in position was highest for the horizontal movements where the weight of the
arm is perpendicular to the path, which led to a deeper penetration into the wall.
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Figure 3.23: End-effector paths from the start position (center) to the 8 different
target positions with the subject staying passive (movement back to start position not
shown). The y-direction corresponds to the vertical direction; (a) Condition 1, tunnel
walls with low stiffness lead to high deviation from the direct path; (b) Condition
2, increasing the tunnel wall stiffness and decreasing Rw brings the arm trajectories
closer to the reference path.

For a more detailed analysis, the movements to target 8 (Fig. 3.23) were considered
in more detail. Panel a in Fig. 3.24 shows the movement to target 8 for the first test
condition described before (Fig. 3.23 a). As the arm was passive, the minimum speed
wall started moving the arm towards the target position. This is indicated by the
increasing tunnel forces and the decreasing distance to the target position. Once the
minimum speed trajectory reached the target, the forces and position stayed constant.
When the gain scheduling started, the tunnel forces increased and helped to reduce
the distance to the target and finally the target position was reached. Panel b in
Fig. 3.24 shows the second condition. Compared to the first condition, the increased
stiffness kept the end-effector position closer to the path during the movement. Once
the minimum speed trajectory reached the target, the distance to the target position
is smaller than in condition 1. As a consequence, the target was reached quicker,
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Figure 3.24: Detailed analysis of the arm trajectory to target number 8; (a) Condi-
tion 1, passive arm, low wall stiffness and no flux lead to high deviations from the direct
path; (b) Condition 2, passive arm, high wall stiffness and no flux lead to decreased
deviation from the path compared to a, tunnel forces similar to a; (c) Condition 3,
passive arm, high wall stiffness and with flux lead to decreased tunnel forces and de-
creased tangential forces compared to a and b, target reached earlier; (d) Condition
4, active arm, high wall stiffness and no flux lead to nearly no tunnel forces supporting
the movement; At time point 0 the target is shown. The solid line is the norm of the
tunnel force f t. The dash-dotted line shows the distance to the target. The dashed
line displays the tangential contribution to the tunnel force. The dotted vertical line
shows when the minimum speed trajectory reached the target position. The dashed
vertical line indicates the onset of the gain scheduling, which starts 2 s after minimum
speed trajectory reached the target. The solid vertical line shows when the target was
reached, i.e., pact is closer than 0.01 m to the target position.
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after the gain scheduling started. In the third condition (Fig. 3.24 c) with the flux,
the tunnel force was decreased, and the tangential part of the tunnel force was much
smaller compared to the previous conditions. The remaining tangential tunnel force
resulted from the minimum speed wall. In this condition, the target position was
reached slightly before the minimum speed trajectory reached the target position.
In the last condition (Fig. 3.24 d), with active participation, the target was reached
in a bit more than a second and, therefore, in half the time that the minimum speed
trajectory needed to reach the target. As long as the subject moved in the dead band,
there was no supporting force. At two times the arm left the dead band and touched
the virtual wall, producing a small supporting force.

3.3.4 Control Stability

For the stability analysis, the passivity paradigm was applied. For the presented
discrete-time control system, the stability was additionally analyzed using the method-
ology introduced by Diolaiti et al. [213]. First, axis 1 was considered. From the result-
ing plot (Fig. 3.25) it can be seen that the maximally renderable stiffness for axis 1 is
8500 Nm/rad (Tab. 3.9) in order to stay inside the stability region E for local stability.
Therefore, a controller with constant gain stays stable as long as the joint speed does
not exceed the maximum speed of ξ̇max = π/2 rad/s (90 ◦/s) and the joint acceleration
is below 45 ◦/s2. Having a sample time of 1 kHz the limit for the renderable stiffness
is higher at 13969 Nm/rad.
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Figure 3.25: Diolaiti applied to ChARMin (equipped with the small distal module)
to find the stability limit for axis 1. The analysis was performed with two different
sampling times: ∆ 1 ms and ∆ 2 ms.

For the path controller, the maximally renderable stiffness at the end effector is
relevant. Given the maximal joint stiffness, the maximal end-effector stiffness can be
calculated, e.g., for axis 1 this corresponds to 20118 N/m (Tab. 3.9). The currently
used end-effector stiffness in the path controller is 2000 N/m.

The position controller in ChARMin uses a PD-controller with a differential part.
The considerations above are for proportional controllers only. However, the differential
part as a dissipating element usually allows to increase the stiffness even further before
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Figure 3.26: Diolaiti method applied to ChARMin (equipped with the small distal
module) to find the stability limit for axes 2,3,4 and 6. The analysis was performed
with two different sampling times: ∆ 1 ms and ∆ 2 ms.

getting unstable (Ziegler-Nichols method: P-controller: P = 0.5kc; PD-controller P =
0.8kc, i.e., gains can be 60 % higher). Furthermore, for the position controller used in
ChARMin, the maximal speed and maximal acceleration are slower, as defined minimal
jerk trajectories for the reference trajectories are used. As a consequence, the situation
in the Diolaiti plot (3.25) can be used as a conservative stability analysis of our position
controller, i.e., the constant gain in the PD-controller should be smaller or equal to
the 8500 Nm/rad. The constant gain which resulted from the Ziegler-Nichols analysis
for the position controller is 6800 Nm/rad and was added in Fig. 3.25 in red.
This analysis was performed for axes 2, 3, 4, and 6 (Fig. 3.26). For axis 5 no analysis
can be made for the path controller, as the forearm rotation has no effect on the end-
effector position and, therefore, no desired stiffness can be calculated for this axis.
However, the maximum renderable stiffness can be calculated and be used to define
the stiffness of the virtual wall used for safety and for an estimation of the position
controller constant gain (Fig. 3.27). The influence of changing the friction parameters
on the maximally renderable stiffness can be seen for axis 5, as the parameters needed
to be increased when replacing the ball bearings with plastic slide bearings. The
Coulomb friction coefficient k1 was increased from 0.2 Nm to 0.6 Nm and the viscous
friction coefficient k2 from 0.05 Nms/rad to 0.1 Nms/rad.

The maximally renderable stiffness also serves as a limit for the renderable stiffness of
the virtual walls which are implemented on joint level to avoid a hard impact on the
mechanical joint end stop (Tab. 3.9).
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Figure 3.27: Diolaiti analysis applied to ChARMin (equipped with the small distal
module) to find the stability limit for axis 5. Before (a) and after (b) replacing the
ball bearings with plastic slide bearings.

3.4 Discussion

In this chapter the robot and human arm model, the different controllers and the
control stability analysis was presented and are discussed in the following sections.

3.4.1 Modeling

Inertia, weight, and friction of ChARMin were modeled and feedforward compensated
in the robot control. The Coriolis aspects can be ignored as they are negligible com-
pared to the other effects (Fig. 3.20). Axes 1 and 2 have high joint inertias (Tab. 2.8).
In order to compensate for inertial effects, the joint acceleration was estimated with
dedicated Kalman filters.
Static friction, however, cannot be compensated with the friction model used (Eq. 3.4).
A dithering approach was used to overcome the static friction at moving onset. While
dithering reduced the static friction to about 50 % for most of the axes, it could not
be applied to axis 2 as the mechanical play of the gearing prevents the dithering signal
from the motor to have an effect on the spring compensation mechanism which pro-
duces most of the static friction. However, in axis 6 with the largest mechanical play,
static friction comes mostly from the gearing directly mounted on the motor (mainly
from the 90 ◦ self-made gear). Therefore, the dithering can directly affect the mechan-
ics with static friction and reduce it. Another approach to reduce static friction is to
use force sensors in the interaction points between patient and robot. ChARMin is
equipped with force sensor dummies, which can be replaced by 6 DoF force/torque
sensors, in case that the robot is disturbing the arm movements and, hence, is not
transparent enough. This approach was already tested in the ARMin IV robot [6].

The mathematical model of the robot dynamics is based on theoretical physical char-
acteristics of the exoskeleton. This approach has the disadvantage that the different
components have to be manually tuned afterwards. An alternative might be to esti-
mate the parameters of the dynamic model, by using, e.g., the least squares approach

99



CHAPTER 3. CHARMIN CONTROL

Axis Maximally
allowable
stable
stiffness
[Nm/rad]a

(500Hz)

Maximally
allowable
stable
stiffness
[Nm/rad]a

(1kHz)

Position
control gain
[Nm/rad]

Reachable
end-effector
stiffness
[N/m]b

Virtual wall
stiffness
[Nm/rad]

1 8500 13969 6800 20118 458
2 2299 2697 2160 5441 458
3(s) 336 436 320 4609 138
4(s) 1643 2337 720 22538 229
5(s) 240 290 160 - 92
6(s) 164 214 156 45556 128
3(l) 248 258 320 2100 92
4(l) 1130 1519 720 7062 138
5(l) 240 290 160 - 92
6(l) 186 186 156 18600 128

Table 3.9: Renderable stiffness for the different axes. afrom Diolaiti plots above
(Fig. 3.25, Fig. 3.26, and Fig. 3.27). (s) and (l) are referring to the small and
large distal modules used. bCalculated by dividing the maximally allowable stable
stiffness by the squared maximal distance of the end-effector from the joints (i.e., with
maximal length settings). This transforms the joint stiffness in [Nm/rad] in [N/m].
For the small and the large module the maximal distances are [0.65, 0.65, 0.27, 0.27,
- , 0.06 ]m and [0.77, 0.77, 0.4, 0.4, - , 0.1 ]m, respectively.

to fit of the dynamic model to measurements of the real system. This was previously
done to estimate robot parameters, e.g., in a 4 DoF lower limb exoskeleton (BLEEX
[214]) and by using 2 DoF of the ARMin robot [215]. To the best knowledge of the
author, this approach has not been used yet for more degrees of freedom. Further-
more, the model needs to cover the different spring pretensions and length settings
of the robot and cover the whole workspace, which makes it difficult to apply in our
application.

3.4.2 Position Controller

The smallest bandwidths were found for axis 1 and 2. This is due to the high inertia
of these axes. Furthermore, the motors were restricted to their nominal torque, which
leads to lower bandwidth as the maximal torque applied is not enough to follow higher
frequency movements. According to Howard et al. ([216], supplementary material),
the mechanical structure needs a high mechanical bandwidth which should be greater
than the bandwidth of the human arm. All the ChARMin bandwidths are higher than
2 Hz and are higher than what is usually required and trained during arm rehabili-
tation training. The reason for the increased bandwidth in axis 3 and 5 under load
conditions may be due to the chosen water-filled segments for the loading (instead of
solid weights). The position tracking experiment showed good performance with mean
absolute position errors below 0.1 ◦

For haptic interfaces, the z-width is usually measured to define the bandwidth of the
device [213, 217, 218]. In order to define the z-width a force tracking test has to be

100



3.4. DISCUSSION

performed using a force sensor. ChARMin is currently not equipped with force sensors
and the position control bandwidth is used as a performance metric of the system.
The position control gains for the position controller of the large distal module are
identical with the small module. This set of control gains is inside the stability re-
gion of the discrete time stability analysis. Furthermore, the gains are high enough
to hold the robot posture and follow a desired trajectory. Therefore, a systematic
Ziegler-Nichols analysis of the large module was not performed.

3.4.3 AAN Path Controller

The results of the four different conditions show that the AAN path controller can be
used to support the upper extremity during a reaching task. To adjust the assistance
according to the patient’s needs, the therapist can activate and change four different
supporting features independent of each other. The influence of these features was
tested in different conditions. Condition 1: The virtual tunnel helps the arm to stay
in the vicinity of the desired path and the minimum speed trajectory was shown to
bring the arm close to the target in a predefined time. Combined with the target
gain scheduling the target could always be reached. Condition 2: Increasing the wall
stiffness constrains the arm movement to closely follow the desired path. Condition 3:
The direction-dependent flux force helps to move along the tunnel, which is indicated
by the decreased tunnel forces and tangential forces. This support is mainly important
for an arm movement with a speed higher than the minimum speed, i.e., for patients
that actively contribute to the movement, but are not strong enough to complete the
task without support. The presented direction-dependent flux factor presented here
can be adapted to the desired amount by the therapist, i.e., patients may need more
support to the left than to the right direction, or even resistance in a certain direction.
Condition 4: Here we showed, when the subject is actively participating, there is only
a small or no force that is helping along the path and there is no force from the
minimum speed wall or the gain scheduling, i.e., the subject can freely move to the
target position.
Upon completion of the ChARMin hardware, the AAN path controller was transferred
and applied in different interface games, such as the diver game (Fig. 3.28).

For movements in space with several or no targets, where it is not known in advance
where the patient wants to move, a directional support cannot be provided. Neverthe-
less, to provide support during a game such as the airplane game the free workspace is
reduced to nine positions in space where the patient can move to and stay (Fig. 3.29),
i.e., an impedance controller holds the hand of the patient in one of the nine positions.
When a predefined position deviation threshold is overcome, the closest node out of
the surrounding eight nodes is selected as the next target position. The AAN path
controller or position controller is used to support the movement to the next position
according to the therapist settings for the game. To better understand the game play,
the airplane in the game is also restricted to stay on the nine positions.

For all the games available, the therapist chooses an appropriate difficulty level in
the game interface in order to have the patient optimally challenged. The parameters
which the therapist can adapt for the path controller are the tunnel wall stiffness, the
dead band, the minimum and maximum speed and the flux force. While the thera-
pists required the higher number of changeable parameters, the numerous settings do
not seem to be very intuitive when starting to use the robot. For the first feasibility
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Figure 3.28: Visualizations of the path control strategy for the diver scenario. The
diver is walking on sea ground, collecting treasures and air bubbles while shooting
pirate fishes and obstacles with his bubble shooter. The AAN path controller supports
the hand (target of the bubble shooter) to reach the pirate fishes or the obstacles.
Other objects are currently not supported. After shooting a pirate fish or obstacle
in the supported mode, the free movement is chosen to let the patient shoot other
objects, such as the treasures (e.g., in the left background of the figure) until a new
obstacle or pirate fish appears.

trials (Chap. 5), all the settings were adjustable. The therapists stated that the set-
tings could be changed intuitively. A more detailed analysis needs to be performed
to understand which parameters were used and how they need to be changed. In a
next step, this knowledge can be used to reduce the number of parameters or to use a
learning controller to change the amount of support needed by the patient. A learning
controller can be used to automatically change the amount of support needed by the
patient or to automatically adapt the difficulty level of the task. Different rehabilita-
tion robots already capitalize on the use of learning controllers. An iterative learning
controller was used for the arm exoskeleton robot RUPERT IV and adaptive control
algorithms were introduced in the MIT-MANUS and the ARM Guide (overview from
[172]). For the ARMin robot, a learning path controller was developed to change the
flux force when moving inside the virtual tunnel [219]. Metzger et al. [220] developed
an automated routine that adapts the difficulty level to keep the patient challenged.
Another area of application where a learning controller can be used is for non-targeted
movements where no information is available about the direction in which the patient
wants to move. In a semester thesis, Fabio Carrillo implemented a preliminary con-
troller to learn a gravity- and direction-dependent force field to support the arm move-
ment in space [221]. The idea was to define an initialization phase before the games
were started. During this initialization, the patient should be instructed to move in six
different directions in space and a dedicated algorithm calculates the support needed
to perform these movements. Based on this information, a supportive force field can
be computed for the whole workspace. A preliminary test was performed with the first
4 DoF version of the ChARMin robot.
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Figure 3.29: Visualization of the controller strategy for the airplane scenario. In the
airplane game, balloons have to be collected while avoiding objects in the sky. The
position- or path controller is used to support the hand (airplane) to nine discrete
positions in space. The red circle shows the hand position represented on the screen
while the red arrow symbolizes the supporting force towards the target position.

3.4.4 Control Stability

For the stability analysis, a passivity-based approach was used. The stability of our
controllers was analyzed by verifying the passivity of the chosen control concept. All
the controllers described above, including the position controller, the AAN path con-
troller and the virtual walls are based on passive mechanical elements, e.g., springs
and dampers. To guarantee the stability for the discrete-time system an analysis of
the maximally renderable stiffness was performed. All the position control gains and
the chosen joint- and end-effector stiffness are at least locally stable.
For the passivity-based stability approaches, the assumption is made that the user
behaves passive. This is a very strong assumption, however, it was previously stated
that the user adds more damping to the system and reinforces the natural damping of
the device, i.e., this effect enhances stability rather than destabilizing it [213]. Hence,
the worst case scenario for stability is not the situation where the user is interacting,
but when the robot is not touched by the user [213, 222]. Therefore, the focus of the
stability considerations was on the robotic system.

Haptic devices are often characterized by the maximum virtual wall stiffness that can
be stably displayed [223]. According to Tab. 3.9, the maximally renderable end-effector
stiffness and, therefore, the performance quality of the ChARMin robot, is 2100 N/m
for the large module and 5441 N/m for the small module (axis 5 is not contributing
to the end-effector stiffness, therefore, axis 2 is the limiting factor). A tunnel wall
stiffness of 2000 N/m is currently used for both modules as a maximum. This is stable
according to the passivity analysis and seems to be stiff enough to make the child
reaching the target position. The maximally renderable joint stiffness ranges from
186 Nm/rad (axis 6) to 13969 Nm/rad (axis 1) (Tab. 3.9).
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4 ChARMin Assessments

The previous chapters highlighted the potential of rehabilitation robots to increase
the therapy intensity by supporting arm movements and by motivating the patient to
actively participate. Rehabilitation robots are advanced exercise tools to assist arm
neurorehabilitation. Moreover, with their precise sensors, rehabilitation robots have
the potential to provide an interface for objective, sensitive, and reliable measurements
of the patient’s arm motor function.
This chapter presents a set of robot-assisted assessments for the upper extremity which
can be applied to the pediatric and adult target group. Before applying the assess-
ments to the pediatric target group, the robot-assisted assessments were evaluated in
a consideration of concept study with adult SCI patients. The first section introduces
the different robot-assisted assessments and the results of this study with adult par-
ticipants (based on a previous publication [5]). The second section focuses on the
adaptations and extensions of the assessments for the pediatric target group.

4.1 Robot-Assisted Arm Assessments in Adult SCI Pa-
tients

4.1.1 Introduction

Patients who suffer from a neurological disorder such as SCI or stroke often face deficits
in motor function. The global-incident rate for traumatic SCI is estimated to be 23
cases per million people (180’000) [224]. Stroke has a prevalence of approximately
795’000 people in the US (Centers of Disease Control and Prevention, 2010). These
impairments due to stroke or SCI lead to a restriction of both independence and par-
ticipation in daily life [225, 226]. An intensive rehabilitative intervention can help to
improve motor function in stroke [227] and SCI patients [228] and, eventually, the
patient’s quality of life.
Plenty of clinical scores and assessments are available for different diseases, ages, move-
ments and body parts to measure patient’s motor functions. The assessments are often
categorized using the international classification of functioning, disability and health
(ICF) [229] to standardize the description of the health status. With this classification
the scores can be grouped according to the disability they address, i.e., body functions
and structure, activities and participation. Assessments covering these groups can be
used for diagnosis of the patients’ status, as a measurement of therapy progress or
as feedback about patients’ performance. However, clinical assessments often show
deficits in terms of reliability, validity, sensitivity, duration of execution and potential
ceiling effects [230–232].
Rehabilitation robots have the potential to provide an interface for objective, sensitive
and reliable measurements. The prevalent use of robots for therapy and the positive
findings of robot-assisted therapy contributed to an increased development of robot-
assisted assessments in the last five years. Generally, two fundamental approaches can

105



CHAPTER 4. CHARMIN ASSESSMENTS

be used to evaluate sensorimotor impairment using robot-assisted assessments: Using
raw sensor data or feature extraction [230].
The first approach uses raw sensor data to directly extract information from sen-
sors about body functions. Depending on the used sensors and parameters, different
robot-assisted assessments have already been described. Several approaches focus on
assessments of the upper extremity. In time-based assessments, the duration is usu-
ally measured that is needed to finish a given point-to-point movement or position
adjustment of the hand or a joint (e.g., using the MIT Manus [232], the Delta robot
[233], the REAplan [234] or the HapticKnob [235]) or by measuring the time needed
for a given task (e.g., using the PHANTOM [141] or the MIT Manus [232]). With
sensors that measure kinematic or kinetic information, assessments can be performed
such as measuring the joint range of motion (ROM) or the workspace (work area)
of the hand that can be reached (e.g., using the Lokomat [236], ACT3D [237], the
ArmeoPower [111] or the Microsoft Kinect [238]) or the mean/peak/tangential speed
(e.g., using the MIT Manus [232], the MEMOS [239], the IE2000 haptic joystick [240]
or the REAplan [234]). An assessment device which can measure forces or torques can
be used to measure the active joint strength. This can be done recording the maxi-
mum voluntary isometric forces or torques (e.g., using the ARMin [69], its commercial
version the ArmeoPower [111] or the Lokomat [241]) or isokinetic forces and torques
(e.g., using the Kin-Com Dynamometer [242]).
In the feature extraction approach, the sensor data is further processed, conditioned
and characteristic properties are extracted. Using the time and position information
during a movement, the quality of the corresponding joint or hand trajectory can be
analyzed. Smoothness is a prominent metric to estimate the quality of a movement.
Different metrics were used to calculate smoothness such as the ratio between mean
speed and peak speed [234,240,243,244], different jerk metrics [234,235,239,243–246],
tent metric [244], mean arrest period [244], peak metric [239,244,246], number of sub-
movements [247], comparison with an idealized normal speed profile [248], number of
directional changes [243] or the spectral arc length metric [246]. Another feature is
the hand-path-ratio [232, 234, 240, 249], sometimes referred to as straightness or tra-
jectory error, which measures the deviation from a given (often straight) trajectory
that has to be followed. Moreover, the precision and accuracy [239, 248] of a given
targeted movement or the shape accuracy [234, 250] are used as features to describe
the quality of a movement. Patients with a neurological disorder often show abnormal
synergy [251]. The assessment of abnormal synergies was previously performed using
position information [250, 252] or isometric torque values during a motor task [253].
When kinetic information is available in an active device, the resistance to passive
movement (RPM) can be extracted as a feature, which can be seen as a measure of
spasticity in the measured joint. In this assessment, the patient is passive and moved
by the isokinetic robot, often at different speeds, while the resistive torque is recorded
[254–258]. Reaction time is a measure for the time the patient needs to initiate a
movement. It is usually measured as the time needed between the moving instruction
(visual cue, sound) and the movement onset, which is a predefined deviation from the
starting position or a velocity threshold [249,259].
A major challenge is that the robot-assisted assessments are clinically accepted. In
clinical environments, there already exists a multitude of established clinical assess-
ments and scores that are regularly used and well known by the therapist. A possible
approach is, therefore, to reconstruct clinical scores based on the robotic assessment to
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have an accepted measure understandable for therapists and physicians. Several pub-
lications evaluated the correlation between robotic assessments and accepted clinical
scores, such as the Fugl-Meyer scale [232, 235, 240, 260], the Modified Ashworth Scale
(MAS) [232, 235, 236], the Motor activity log [240], the Action Research Arm Test
(ARAT) [240, 243], the Jebsen-Taylor Hand Function Test [240], the Graded and Re-
defined Assessment of Strength, Sensibility and Prehension (GRASSP) [243], Spinal
Cord Independence Measure (SCIM) [243], Motor Status Score [232], Motor Power
Scale [261], etc.

In this chapter, we evaluated a set of robot-assisted assessments for the upper extremity
in healthy and SCI patients in a stage 1 consideration-of-concept study [262]. Five dif-
ferent assessment packages were implemented that include raw sensor data and feature
extraction: ROM (active and passive joint range of motion), WORKSPACE (cubic
arm reachable workspace), QOM (quality of arm reaching movements), STRENGTH
(isometric joint torques) and RPM (resistance to passive joint movement). The as-
sessments were tested in healthy subjects and SCI patients for applicability, safety,
reliability and comparability with clinical scales. The assessments were implemented
into the existing therapy robot ARMin III that, through its exoskeleton structure, al-
lows not only for measurement of kinematic- and time-based parameters, but also for
kinetic-based measures. The five different assessment packages were combined with a
visual interface for an intuitive and standardized execution of the assessments. The
implemented assessments are based on measurements used in other devices and are
extended and adapted for the use of our robotic setup.
Up to now, most of the robot-assisted arm assessments were tested on stroke patients
and the extension of the assessments to the SCI target group was rarely tested. An
exception is Zariffa et al. [243] who tested different kinematic measures on SCI pa-
tients with the passive arm exoskeleton robot ArmeoSpring and Perell et al. [254] who
investigated muscle tone in SCI patients with an isokinetic dynamometer. However, we
are the first to offer a comprehensive measurement of patients’ motor function within
one single device.
We hypothesized that the ARMin assessment packages provide an applicable, safe,
reliable, and comparable tool to measure arm motor functions in SCI patients. To
evaluate the intra-rater reliability, data from ten healthy subjects was collected. To
analyze correlations between clinical tests and ARMin assessments and to quantify
the inter-rater reliability, a feasibility study on five SCI patients with two different
testers was conducted. We believe that the robotic assessments are widely reliable and
comparable to clinical scales for arm motor functions. Furthermore, they may offer a
sensitive and objective measurement for more detailed insights in arm motor functions.

4.1.2 Method

To evaluate the five ARMin assessment packages - namely ROM, WORKSPACE,
QOM, STRENGTH and RPM - healthy subjects and SCI patients participated in
this study to investigate the four aspects intra-rater reliability, inter-rater reliability,
comparison between healthy subjects and patients, and construct validity.

For the evaluation of the assessments, the ARMin platform is used (Fig. 4.1, more
details in Sec. ’1.3.2 ARMin Arm Rehabilitation Robot’). The implementation of
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the assessments capitalizes on the different control modes available for the robot.
The position controller is either used to move the passive patient arm during the
RPM assessment or to fix the arm posture during single joint measurements such as
ROM or STRENGTH assessment. The compensation mode is used for QOM and
WORKSPACE assessments, where the robot should not interfere with the patient’s
movement and only follow the arm to record kinematic data.
With its exoskeletal structure, precise position sensors, mechanical transparency, and
a visual display, ARMin is particularly useful to assess kinetic and kinematic arm
functions on joint and end-effector level.

Figure 4.1: Subject performing assessments with the ARMin arm robot (courtesy of
Dietmar Heinz). Published with written informed consent of the individual in the
picture.

Participants

Patients were recruited by contacting in- and out-patients of the University Hospital
of Balgrist. This hospital located in Zurich, Switzerland, offers specialized treatment
for SCI patients and treats about 230 inpatients and about 1’500 outpatients after SCI
annually.
Eligibility criteria were i) cervical, complete or incomplete SCI with tetraparesis ii)
no severe subluxation of the shoulder, iii) no severe shoulder pain on the tested side
and iv) no other illness or incapability that could compromise the assessments. Five
patients (aged 19 to 49, mean 33.8, Std 13.8; 4 male) were eligible to perform the five
robotic assessments as well as clinical tests. Three patients were in the subacute (i.e.,
<= 6 months) and two in the chronic (i.e., > 6 months) state post-SCI with different
levels of severity (ASIA B to ASIA D) and arm dominance (four right-handed and one
left-handed) (Tab. 4.1). As one out of the five patients reported severe shoulder pain
on one side, the corresponding arm was excluded. As the SCI was incomplete in the
five patients and their two arms were affected to different degrees, nine unrelated data
sets were sampled for evaluation.
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Eleven healthy right-handed subjects (aged 21 to 64, mean 35.4, Std 15.4; 6 male)
were assessed on their dominant side to determine the intra-rater reliability. Thirteen
healthy right-handed subjects (aged 20 to 68 years, mean 34.9, Std 15.7; 6 male)
performed the assessments with their non-dominant arm to compare the performance
with the patient’s non-dominant arm. This data was also used to define norm values.
None of the subjects had experience with ARMin prior to the study onset.

Ethic statement All patients signed an informed consent; the study was approved
by the responsible ethical committee (KEK, Zurich, Switzerland) and the Swiss Agency
for Therapeutic Products (Swissmedic, reference number: 2011-MD-0002). The indi-
vidual in Fig. 4.1 has given written informed consent (as outlined in PLOS consent
form) to publish these case details.

ID Statusa Level of
lesion

Age
[y.]

Sex Seq. of arm
side tested

Dominant
handb

Seq. of
tester

1 subacute sub C5,
ASIA B

20 m r, l r T1, T2

2 subacute sub C5,
ASIA B

19 m l, r r T2, T1

3 chronic sub C4,
ASIA C

36 f r, l l T1, T2

4 chronic sub C6,
ASIA B

47 m r, l r T2, T1

5 subacute sub C1,
ASIA D

47 m l r T1, T2

Table 4.1: Characteristics of patients. r = right, l = left. aChronic (> 6 months) vs.
subacute (≤ 6 months post SCI). bEvaluated with the questionnaire of Chapman [263].

Study Design

In this consideration-of-concept study (stage 1), we aimed to analyze the utility of
the chosen assessment measurements and to evaluate how well they can be applied
[262]. We tested for applicability, safety, reliability and validity. Forty minutes were
scheduled for the performance of the assessment packages, including positioning and
instruction of the subject.

Intra-rater reliability with healthy subjects The intra-rater reliability was tested
with eleven right-handed healthy subjects. A set of norm values was determined. The
subjects performed all ARMin assessments four times with their dominant right arm at
intervals of one week. Hand dominance was evaluated with the questionnaire of Chap-
man [263]. No pretest was performed before starting the intra-rater measurement
as only minor learning effects were expected. The settings of the robot (arm length
settings, shoulder, and chair height and position) and the sequence of the ARMin
assessments were held constant. Three trained testers performed the measurements,
where each subject was always assessed by the same tester.
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Comparison between healthy subjects and patients In order to complete a first
set of norm values with data from non-dominant arms, 13 healthy subjects performed
the assessments once with the non-dominant left hand. Again, three different testers
performed the assessments. The acquired norm values for the non-dominant and the
dominant arm (values from the first assessment session) were used to compare the
assessment performance between the healthy subjects and the SCI patients.

Inter-rater reliability and construct validity with patients For evaluation,
inter-rater reliability and correlation between ARMin assessments and common clinical
assessments were tested in a cross-sectional study. To assess the inter-rater reliability
of the ARMin assessments, two testers performed the assessments. Both trained the
ARMin assessments procedure at least ten times and with at least two patients to gain
experience with the robot. Tester was given a manual that described the handling of
the robot and the instructions to be given to the participants was used. The order of
testers and the order of measured sides of each subject were randomized by lots which
the patient drew on day 1. The sequence of ARMin assessments and clinical tests was
held constant.
Each patient participated in six sessions (one pretest session, four robotic assessment
sessions, one clinical assessments session) that were arranged over a period of twelve
days (Tab. 4.2). While robotic assessments were conducted by both testers (T1 and
T2), all clinical assessments were performed by the same one tester for all patients.

Day
1

Day
4

Day
5

Day 7, Day 8 or
Day 9

Day
11

Day
12

Pretest ARMin
test 1

ARMin
test 2

Clinical tests ARMin
test 3

ARMin
test 4

robot settings,
first test,

define tester
and arm by lot

arm 1,
T1

arm 1,
T2

aROM, pROM,
MAS, MTS,

GRASSP, SCIM,
VLT, MMT

arm 2,
T1

arm 2,
T2

Table 4.2: Study protocol for the patients.

Outcome Measures

Robotic assessments A set of five assessment packages was implemented to eval-
uate various aspects of arm motor function. While the ROM and the STRENGTH
assessment were purely based on raw sensor data, the WORKSPACE, QOM and RPM
assessments calculated features that are extracted from the raw data (Tab. 4.3). For
the QOM and the WORKSPACE assessment the robot is in compensation mode.
While most of the gravitational and frictional effects are compensated there may still
be forces disturbing the arm movement such as static friction or dynamical effects of
the robot.

ROM (range of motion) assessment ROM measured active and passive ranges
of motion (aROM and pROM) of the arm. During this assessment ARMin held
the patient’s arm in a predefined posture while the assessed joint was free to move.
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Assessment
name

Assessment description Parameters

ROM Active and passive
ranges of motion of

seven joint movements

Active ROM [◦] (aROM);
Passive ROM [◦] (pROM)

WORKSPACE Actively achievable
Cartesian workspace

Workspace levels [# reached
levels]/ Cubic volume [dm3]

QOM Quality of hand
movement while

performing
goal-directed reaching

tasks

Distance-path ratio (D-P ratio
to target) [ ]; Distance-path
ratio (D-P ratio to start) [ ];
Time to target [ms]; Time to

start [ms]; Precision (Deviation
on target) [m]; Number of peaks
to target [ ]; Number of peaks to

start [ ]; Reaction time to
target [ms]; Reaction time to

start [ms]

STRENGTH Isometric maximum
torque for seven joints

Joint torques [Nm]

RPM Resistance to passive
movements for two

different speeds in all
seven joints

Joint stiffness [Nm/rad]

Table 4.3: Overview of implemented assessments and the measured parameters.
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The patient (aROM) or the therapist (pROM) moved the free joint in both direc-
tions (e.g., flexion and extension), while the software recorded both achievable ex-
treme positions. The order of joints measured was fixed. The predefined robotic
postures depended on the joint measured and were chosen to be as similar as pos-
sible to the ”standardized neutral-0-method positions” [264] (postures described in
Tab. S1, Appendix A.4.2). Seven different joint movements were assessed: ShEx/ShFl,
ShAb/ShAd, HSAb/HSAd, ShIR/ShER, ElEx/ElFl, ElPr/ElSu, and WrEx/WrFl.

WORKSPACE assessment WORKSPACE aimed to measure the reachable cubic
workspace of the end effector (i.e., the hand). The starting position of the hand was
30 cm in front of the breast (i.e., the xiphoid process of the sternum). On the screen, a
small cubic room (corresponding to an initial size of 20 cm x 20 cm x 20 cm in the real
world) was presented (Fig. 4.2 a). Each wall in the room indicated a direction to move
to (top, bottom, left, right, towards the body, away from the body). For simplification,
more directions such as diagonals were not assessed. The aimed movement direction
was indicated by a green cube on the wall in randomized order. After the patient
had reached the indicated wall, the room grew 5 cm in this direction. If the subject
missed an indicated wall the room did not grow in this direction and the direction was
shown once more later. The number of discrete increases in a certain direction refers
to as a level and was used as an outcome parameter (workspace level, in numbers).
Furthermore, the achieved room size (cubic volume, in dm3) was calculated from the
workspace levels reached. The maximal volume of the room was 140 dm3, the initial
size was 8 dm3 and the maximal distances to the given room walls were 35 cm for the
left and right (five movements in each direction to reach maximum expansion), 30 cm
for the top (four movements to reach maximum expansion), and 20 cm for the bottom
direction, towards the body and away from the body (two movements in each direction
to reach maximum expansion). This results in a total of 20 movements to discretely
increase the room size to its maximum.

a b

Figure 4.2: Visual representation of the WORKSPACE and QOM assessment packages.
(a) Screenshot of the WORKSPACE assessment. A room was presented on the screen.
The patient looked directly into this room. The end effector of the robot (the position
of the patient’s hand) was represented as a small red cube. In the shown situation
the patient had to move to the green target position to the right. (b) Visualization of
the eight targets (in green) in QOM that appeared successively on the screen around
a given start position (in blue). The red disk represented the end-effector position.
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QOM (Quality of movement) assessment QOM calculated accuracy and smooth-
ness of a point-to-point movement. Eight target positions appeared successively around
a starting position in the frontal plane (Fig. 4.2 b). The starting position was a circle
that allowed some end-effector position variations in the range of 50 mm (rated as ”on
the start position”). The location of the target positions depended on the volume
reached in WORKSPACE, i.e., the targets were at 80 % of the reachable distance. The
patient was asked to move directly from the start to the target position as soon as it
appeared, to rest on the target position until it disappeared (after 3 seconds) and then
move directly back to the starting position. Output parameters were the distance-
path ratio on the way to the target (D-P ratio to target), the standard deviation on
the target position (precision), and the D-P ratio back to start (D-P ratio to start).
Furthermore, the reaction time to initiate a movement (i.e., the time to leave a circle
that was chosen 20 % wider than the starting position) and the time to target were
calculated for each movement. For each movement the number of peaks of the end-
effector speed (i.e., the zero transition of the end-effector acceleration) was counted as
a measure of smoothness (using a peak detection threshold of 7.5 % of the maximum
speed).

STRENGTH assessment STRENGTH recorded the maximum isometric torque
of the arm (joint torques). ARMin moved the patient’s arm to a predefined measuring
posture similar to the one in ROM, but with the measured joint in the midrange
(postures are described in Tab. S2, Appendix A.4.2). The posture was fixed during
the joint torque measurement. For a baseline measurement the patient stayed passive
for 5 s, and then applied the maximum possible torque in the measured joint for 5 s.
A simple visual display showed the joint of interest and the timing. This procedure
was repeated in both directions of each joint. The applied torque was estimated from
the motor current. A moving average filter (window size 1 s) was applied to reduce the
effect of single force peaks and the maximal joint torque was recorded.

RPM (Resistance to passive movement) assessment RPM quantified resis-
tance of a single joint to passive movement within the prior measured pROM. ARMin
moved the arm in a predefined start posture (identical to the postures in STRENGTH
except for the measured joint which moves in the pROM, Tab. S2, Appendix A.4.2).
The patient was instructed to keep the arm relaxed and passive while ARMin moved
the joint of interest with two different speeds (30 ◦/s, 60 ◦/s). A calibration routine was
used to identify the torque contributions that are caused by the robot arm mass (see
also Fig. 4.7). This routine performed the same movements as the RPM assessment
but without the patient. A 5th order Butterworth filter with 3 Hz cutoff was used to
filter the calculated interaction torques. Knowing the torques applied by the patient
the characteristic angle-torque relation could be used to calculate the resistance dur-
ing the movement. It was assumed that this resistance is a combination of a constant
offset torque and a stiffness contribution that changes when the joint angle increases or
decreases. Therefore, a linear function was fitted into the data using the least squares
method. Further analyzed for this paper was the joint stiffness using the slope of the
linear fit.

Clinical assessments To evaluate the validity of the robot-assisted assessments the
results were compared to clinical outcomes. The active and passive ranges of motion
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were measured in a sitting position with a handheld goniometer. The measurement was
accomplished according to the neutral-0-method [264]. For better comparison with the
measurement of WORKSPACE, the arm reachable workspace (ARW) was calculated
with a dedicated program as proposed by Klopčar et al. [265]. The ARW is based on
the subject’s body height, the maximal flexion/extension, abduction/adduction and
internal/external rotation of the shoulder and the elbow flexion angle in standing po-
sition.
The modified Ashworth Scale (MAS) [266] and the modified Tardieu Scale (MTS) [267]
rate the degree of spasticity and were measured for all relevant joints. For the MAS
the joint is passively moved with a moderate velocity, for the MTS with high velocity.
The tests use an ordinal scale in the range of 0 to 5 for the MAS and 0 to 4 for the
MTS, where 0 is equivalent to ’no spasticity’.
The GRASSP [268] is an upper extremity assessment for patients after SCI and
combines a muscle test for relevant upper extremity muscles, a Semmes-Weinstein-
monofilament-test [24] and qualitative and quantitative grasping tasks. In addition
to the muscle tests performed within the GRASSP, the Manual Muscle Test (MMT)
[269] was performed on muscles that were not covered by the GRASSP but assessed
with ARMin. The MMT was conducted in a sitting position. Arm positions were cho-
sen according to the instructions of Daniels and Worthingham [270] and if necessary
adapted to the sitting position.
Furthermore, the SCIM [271], a questionnaire for SCI patients that measures the in-
dependence in activities of daily living, was conducted to characterize the patients.
To measure functionality of the arm, the scientific or short version of the Van Lieshout
Test (VLT) [272] and specific optional items for proximal function of the arm from the
clinical or longer version of the VLT (wheelchair propulsion, transfers, push-ups while
seated, stabilization of the arms, reaching low, reaching high) were conducted.

Statistical Analysis

The feature extraction for the robotic assessments was performed using MATLAB
(Mathworks, R2010b). The resulting parameters were exported to IBM SPSS Statis-
tics for further statistical analysis. All the robotic measures were tested for normal
distribution with histograms and Q-Q-Plots. The statistical methods used are sum-
marized in (Tab. 4.4).

Intra-rater reliability Results of the four repeated assessments in healthy subjects
were analyzed with the Friedman test against the null hypothesis that there are no
differences. A significant difference (p<0.05) indicates a poor intra-rater reliability.
Pairwise multiple comparisons were made by post hoc analysis with Wilcoxon signed-
rank tests to determine where the differences between the repeated assessment mea-
sures occurred. To analyze the amount of variability between the four measurements,
the mean difference between the maximum and the minimum value measured was cal-
culated for the aROM, pROM, WORKSPACE, STRENGTH and RPM assessments.
For QOM the standard deviation was calculated.

Comparison between healthy subjects and patients To analyze the differences
between healthy subjects and patients, a qualitative approach was used calculating the
ratio between mean values of the patients and mean values of healthy subjects. The
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Analyzed
aspect

Analyzed data Statistical method

Intra-rater
reliability

Parametric and nonparametric
data

Friedman test with pair-
wise multiple comparison

Inter-rater
reliability

Parametric data ICC (two-way mixed
model, single measure)

Nonparametric data Spearman
Parametric and nonparametric
data

Bland-Altman plot with
one-sample Student’s t-
test

Construct
validity

ROM manual ROM Spearman,
Bland-Altman plot

WORKSPACE ARW, SCIM,
GRASSP, VLT

Spearman

QOM VLT, SCIM,
GRASSP

Spearman

STRENGTH MMT Spearman
RPM MAS, MTS Spearman

Table 4.4: Statistical methods for analysis of the intra-rater reliability, inter-rater
reliability, and construct validity.

hypothesis was that patients would show a lower performance compared to healthy
subjects. Accordingly, for the assessments that produce ascending scores for better
performance, the ratio was expected to be less than 1 in patients. The dominant
and non-dominant arms were analyzed independently. For the ROM, rather than
comparing the minimal and maximal values of the joint range (e.g., -5 ◦ and 130 ◦) the
full ranges (for this example, 135 ◦) were calculated and compared to healthy subjects.

Inter-rater reliability For evaluation of the inter-rater reliability, nine patient arms
were measured. The Spearman’s rank correlation coefficient was calculated for those
ARMin assessments which were nonparametric. For parametric data, the intraclass
correlation coefficient (ICC) was used (two-way mixed model, single measure). A
significant correlation in either of these tests indicates a good inter-rater reliability for
the assessment.
The differences between the two testers were further analyzed with Bland-Altman
plots. The difference of two measurements was plotted against the mean of the two
measurements. The one-sample Student’s t-test was used with the null hypothesis
that the mean difference between the testers is zero. A significant Student’s t-test
(p<0.05) indicates a significant difference between results of testers 1 and 2. The
Bland-Altman plots were calculated without outliers (rejected by visual inspection;
number of outliers: ROM: 20/252, WORKSPACE: 0/63, QOM: 31/514, STRENGTH:
7/128, RPM: 4/184).

Construct validity The construct validity was analyzed by comparing ARMin as-
sessment parameters of the patient arms with clinical measurements, using the Spear-
man’s rank correlation coefficient. The ARMin assessments and corresponding clinical
tests are listed in Tab. 4.4. Mean values of the ARMin assessment parameters of
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Assessment Significant differences between the parameters from the four
assessment tests

ROMa pROM in pronation (p=0.03)

WORKSPACEb No significant differences

QOM D-P ratio to start for target 1 (p=0.003) (test 1→ test 3/4);
D-P ratio to target 2 (p=0.033) (test 1→ test 2); Precision
on target 1 (p=0.008) (test 1→ test 3/4); Reaction time to
target 2 (p=0.041) (not sign. post hoc); Reaction time to
target 7 (p=0.045) (not sign. post hoc); Reaction time to
start for target 6 (p=0.048) (test 2 → test 4)

STRENGTH Hand opening (p=0.013) (test 1 → test3 )

RPM Shoulder external rotation 60 ◦/s (p=0.001) (test 2 → test
4) Elbow flexion 60 ◦/s (p=0.018) (not sign. post hoc)

Table 4.5: Summary of the significant differences found in the Friedman test of the
intra-rater reliability. aAs healthy subjects almost exclusively reached the mechanical
limits ROM values correspond in most cases to the mechanical end limit. bThe max-
imal workspace levels and, therefore, the maximal cubic volume were reached for the
evaluated subjects for all the directions (p=1.00).

testers 1 and 2 were used. Values which were rated as outliers by visual inspection
in the reliability analysis were excluded from validity analysis as well. A correlation
of 0.0-0.5 was considered as weak, 0.5-0.75 as moderate and 0.75-1.0 as strong corre-
lation. Correlations with a significance level p<0.05 are marked with *, correlations
with significance level <0.01 with ** in the text.

4.1.3 Results

Only STRENGTH values were normally distributed. Nonparametric methods were
used for analysis in the other assessments.

Intra-Rater Reliability

Intra-rater reliability was calculated from four complete assessment sessions performed
in eleven healthy subjects. The results are summarized in Tab. 4.5. The amount of
variability between the four tests can be seen in Tab. S4 in Appendix A.4.2.

Comparison Between Values of Healthy Subject and Patients

The different assessment parameters were compared in the dominant (n=5) and non-
dominant (n=4) arms. The results are listed in Tab. 4.6. The results for age and
age/gender matched (only male patients and subjects) comparisons are similar. For
better visualization of the differences between patients and healthy subjects in the
RPM assessment, the average joint stiffness parameters for all joint movements are
plotted in Fig. 4.3.
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Assessment Patients in comparison with healthy subjects

ROM Dominant arm: aROM: 81 %; pROM: 95 %.
Non-dominant arm: aROM: 67 %; pROM: 90 %.

WORKSPACE Dominant arm: cubic volume: 79 %.
Non-dominant arm: cubic volume: 73 %.

QOM Dominant arm: D-P ratio to target: 102 %; D-P ratio to
start: 101 %; time to target: 129 %; time to start: 125 %;
number of peaks to target: 115 %; number of peaks to start:
168 %; precision: 85 %.
Non-dominant arm: D-P ratio to target: 93 %; D-P ratio
to start: 99 %; time to target: 84 %; time to start: 107 %;
number of peaks to target: 69 %; number of peaks to start:
72 %; precision: 88 %.

STRENGTH Dominant arm: Joint torques between 23 % (hand open-
ing) and 97 % (elbow flexion).
Non-dominant arm: Joint torques between 8 % (hand
closing) and 97 % (supination).

RPM Dominant arm: The difference between joint stiffness in
the patients’ arms (mean: 0.49 Nm/rad) and the healthy
subjects (mean: 0.34 Nm/rad) is 0.15 Nm/rad.
Non-dominant arm: The difference between joint stiff-
ness in the patients’ arms (mean: 0.72 Nm/rad) and the
healthy subjects (mean: -0.08 Nm/rad) is 0.80 Nm/rad.

Table 4.6: Summary of the comparison between data of patients and healthy subjects.
For D-P ratio, time to start/target, number of peaks and precision a value below 100 %
indicates a better performance of the patients while for ROM, cubic volume, and joint
torque a value below 100 % indicates a better performance of the healthy subjects.
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Figure 4.3: Visualization of joint stiffness measurements within the RPM assessment
for the non-dominant and dominant arms of healthy subjects and patients. The more
a joint counteracted the robot movement over the angle, the higher and more intense
in color (red) the value. The color gradient ranges from minimal (blue) to maximal
values (red) and is different for the non-dominant (-2 to 4) and dominant arms (-1
to 2).

Inter-Rater Reliability

The inter-rater reliability was analyzed using the Spearman’s rank correlation coeffi-
cient and the Bland-Altman plot. In Fig. 4.4 an exemplary Bland-Altman plot for
the wrist flexion is shown. The analysis of the WORKSPACE and QOM parameters
is shown in more detail in Tab. S3 (Appendix A.4.2). The mean cubic volume was
107.5 dm3. Fig. 4.5 is an example of a patient’s hand movements to the eight different
targets in the QOM assessment package. The summarized results for the inter-rater
reliability between testers 1 and 2 are summarized in Tab. 4.7.

Construct Validity

ROM Spearman’s rank correlation coefficient between the clinical ROM measure-
ment and the robot’s ROM was significant for aROM in lateral shoulder abduction,
elbow flexion and wrist flexion/extension, and showed a moderate but not significant
correlation for shoulder flexion (0.59, p=0.06). The other correlations were not sig-
nificant (p=0.1 to p=0.43). Regarding pROM, only lateral shoulder abduction and
horizontal abduction were significant. The results are shown in Tab. 4.8.
Bland-Altman plots were generated to evaluate the degree of agreement between clin-
ical and robotic measurements. The mean difference between the two measurement
methods were significantly different regarding aROM for 6 out of 12 measurements (lat-
eral shoulder adduction, shoulder extension, internal and external rotation, supination
and wrist flexion) and regarding pROM for 10 out of 12 measurements (lateral shoulder
adduction, shoulder extension, horizontal ab-/adduction, internal and external rota-
tion, elbow flexion, pronation and wrist flexion/extension). This difference results
from predominantly higher clinical ROM values compared to the ranges measured in
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Assessment Spearman correlation, ICC, Bland-Altman analysis

ROM Spearman: aROM: Shoulder flexion/extension (0.95/0.85);
lateral shoulder ab-/adduction (0.83/0.96); horizon-
tal shoulder ab-/adduction (0.78/0.83); shoulder in-
ternal rotation (0.87); supination (0.92); wrist flex-
ion/extension (0.72/0.85). pROM: Lateral shoulder adduc-
tion (0.98); shoulder extension (0.92); horizontal shoulder
ab-/adduction (0.77/0.90); internal rotation (0.80); wrist
flexion (0.67).
Bland-Altman: aROM: No significant differences; pROM:
Shoulder extension (p=0.047), internal-/external rotation
(p=0.033/p=0.028).

WORKSPACE Spearman: Workspace levels (between 0.75* and 1.0**); cu-
bic volume (0.77*).
Bland-Altman: Workspace levels downwards (p=0.035); cu-
bic volume (p=0.025).

QOM Spearman: Number of peaks to start: 0.71*.
Bland-Altman: No significant difference between testers.

STRENGTHa ICC: Between 0.80** and 0.98** (except for supination joint
torque: 0.38).
Bland-Altman: Wrist extension (p=0.01).

RPM Spearman: Shoulder flexion at speed 30 ◦/s and 60 ◦/s;
Shoulder internal rotation at 30 ◦/s.
Bland-Altman: Elbow flexion at 60 ◦/s (p=0.019).

Table 4.7: Summary for the inter-rater reliability analysis. The numbers show the
significant Spearman correlation coefficients, the significant ICC values and the sig-
nificant differences from 0 in the t-test for the Bland-Altman analysis. *=p<0.05.
**=p<0.01. aData of testers 1 and 2 were normally distributed for STRENGTH.
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Robotic
assessment

Clinical
assessment

Spearman correlation

ROM Manual
ROM

aROM: Lateral shoulder abduction
(0.63, p=0.034*), elbow flexion (0.81,
p=0.004**) and wrist flexion/extension (0.78,
p=0.007**/0.67, p=0.035*); pROM: Lateral
shoulder abduction (0.78, p=0.006**) and
horizontal abduction (0.64, p=0.031*).

WORKSPACE ARW Cubic volume significantly correlates with
ARW (0.69*).

VLT,
GRASSP,
SCIM

Cubic volume correlates moderately with the
test score of GRASSP (0.53), VLT (0.54) and
SCIM (0.51). The workspace levels correlate
on a 0.7* level with the VLT and GRASSP
items.

QOM VLT,
GRASSP,
SCIM

Particularly D-P ratio to start (GRASSP: -
0.700*, VLT: -0.644*) and reaction time to
start (GRASSP: -0.667*, VLT: -0.636*) show
moderate correlations with the clinical scores.

STRENGTH MMT The correlations between STRENGTH joint
torque and MMT range between 0.69* and
0.91** (except for shoulder extension).

RPM MAS, MTS No analysis due to lack of data.

Table 4.8: Summary of the results for the construct validity. The table shows
the significant correlations between the robotic and clinical assessments. *=p<0.05.
**=p<0.01.

the robot. This was also reflected in correlations between the assessment differences
and the mean values in the evaluation of the Bland-Altman plots, i.e., the difference
was higher, for higher mean values.

WORKSPACE The ARW was calculated from ROM values measured with a go-
niometer. Spearman’s correlation coefficient between cubic volume and the ARW was
0.69*. The cubic volume was approximately half the size of the ARW.
Cubic volume correlates on a 0.5-0.6 level with VLT and the single prehension items
of the GRASSP but not with the sensibility items of GRASSP. The correlation of
cubic volume was 0.53 for the GRASSP, 0.54 for the VLT and 0.51 for the SCIM. The
workspace levels in the different ARMin directions correlated on a 0.7* level with VLT
and GRASSP items, and on a 0.8* level with the targets in the ”up” direction, but
not for the sensibility items.

QOM Overall, results regarding correlations of QOM with GRASSP, VLT and SCIM
were inconsistent, but there was a tendency that patients with higher values in GRASSP,
VLT and SCIM got better results in QOM values (Tab. 4.9). Particularly, D-P ratio to
start and reaction time to start showed moderate correlations with the clinical scores.
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QOM metric (Mean values) GRASSP VLT SCIM

D-P ratio to target -0.450 -0.326 -0.441
D-P ratio to start -0.700* -0.644* -0.653*
Precision 0.217 0.209 0.314
Number of peaks to target 0.233 0.142 0.144
Number of peaks to start 0.000 -0.050 -0.059
Reaction time to target -0.350 -0.293 -0.398
Reaction time to start -0.667* -0.636* -0.687*
Time to target 0.400 0.427 0.373
Time to start -0.017 0.000 0.008

Table 4.9: Correlations between the QOM assessment and the clinical GRASSP, VLT,
and SCIM scores. Negative values result when scales have diametric changes with
improvement. *=p<0.05.

STRENGTH The Spearman’s correlation coefficients between STRENGTH and
the manual muscle test of corresponding joints were very high and ranged between
0.69* and 0.91**. The corresponding data for all joints is plotted in Fig. 4.6. Only
for shoulder extension there was no significant correlation (0.54, p=0.066).

RPM Only one single patient showed a Tardieu and/or Ashworth Scale value higher
than 0 (for shoulder extension, internal rotation, elbow flexion, supination, and wrist
extension), all other patients had no clinically detectable spasticity. Therefore, no
further statistical analysis was possible to calculate the correlations. An example of
RPM is shown in Fig. 4.7. It represents both the elbow flexion data of a patient with
a Tardieu score of 2 and a patient with a Tardieu score of 0.

4.1.4 Discussion

Despite the small sample size, first conclusions could be drawn regarding applicability,
reliability, validity and limitations of the single assessment packages. All subjects and
patients were able to understand and perform the different assessment packages.

ROM

Assessment evaluation The mechanical joint limits of the robot were reached by
the healthy subjects and sometimes by the patients, leading to a saturation effect of the
range values. Therefore, ROM showed good intra-rater (except for pROM pronation)
and inter-rater (except for shoulder extension and internal-/external shoulder rotation)
reliabilities. The aROM and pROM values of the patients were both smaller compared
to healthy subjects. Furthermore, the comparison of the aROM and pROM values with
the manual ROM test was good for several joints (active lateral shoulder abduction,
elbow flexion, wrist extension, shoulder flexion and passive lateral shoulder abduction).
We assume that this correlation is better for severely and moderately affected patients,
who do not reach the robot joint ranges. The results support our use of the ROM
values as a basis for exercises or assessments (such as the RPM assessment) to define
the usable and safe region.
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Figure 4.6: Plots of the patient joint torques from STRENGTH vs. MMT scores for
all joints and in both directions. (x-axis = MMT score, y-axis = joint torque from
STRENGTH).
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The black dotted line shows the torque progression measured during the assessment.
The blue dash-dotted line is the data from the calibration routine without the patient.
The dashed cyan line is the estimated torque progression of the patient’s joint. The
red line is the linear least square fit for the patient’s joint torques. (a) The movement
in the left picture was rated a 2 on the Tardieu scale. (b) The movement on the right
example was rated a 0 on the Tardieu scale. The measured stiffness by the robot
assigned 0.93 Nm/rad to the left and 0.84 Nm/rad to the right movement.

Limitations The mechanical limits of the robot are not only due to kinematic con-
straints but also chosen for safety reasons and, therefore, do not cover the whole range
that can maximally be reached by a healthy subject (e.g., in [273]). This was reflected
by the significant differences between tester 1 and 2 found in the Bland-Altmann plot
and the strong correlation between the differences and the mean of clinical and robotic
results. As most patients in the sample got higher ROM values in the clinical measure-
ments with the goniometer, a goniometer has to be preferred to robots (with similar
ROM) for the measurement of joint range.

Applicability The chosen robot postures for measuring the range were applicable for
all patients. Even patients sitting in a wheelchair could be measured in the predefined
positions. The discrepancy between clinical and robotic ROM in wrist extension was
mainly due to an offset between the zero position of the robot (i.e., grasping the hand
module leads to an initial dorsal extension) and the zero position measured by the
therapist (straight hand with stretched finders and no dorsal extension).

WORKSPACE

Assessment evaluation The subjects reached the maximum cubic workspace, there-
fore, intra-rater reliability was good regarding cubic volume and workspace levels. The
comparison with the patients showed that their cubic volume was around 70 - 80 % of
healthy subjects (Tab. 4.6). Furthermore, a good inter-rater reliability was found for
workspace level and cubic volume. However, the Bland-Altman plot showed significant
differences between the two testers for cubic volume. A closer look at the values re-
vealed that the volume assessed by tester 2 was always equal (4 out of 9 tests) or higher
(5 out of 9 tests) as compared to tester 1. The actual source for this difference could
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not be identified. Possibly, the difference came from discrepancies in how the patient
was motivated to reach in the different directions. The cubic volume correlated well
with the ARW and moderately with the VLT/ GRASSP items. As WORKSPACE is
reliable, it can be used for calibration of exercises (e.g., to place objects in the virtual
environment, so that the patient can reach them) or as a basis for further assessments
(e.g., as we did in QOM). More parameters might be extracted from this assessment to
analyze the movements in more detail, such as the interjoint coordination. However,
changing distances to the room walls have to be taken into account.

Limitations WORKSPACE should only be used for assessment of severely affected
patients, who do not reach the maximum cubic volume. The inter-rater reliability
was poor in the downward direction for workspace level. The reason may be that
downward movements were limited by the legs and depending on the robot forearm
posture the robot could be moved more or less in this direction. A solution would be
to fix the pro-/supination in a predefined position during this measurement such that
the conditions stay the same for each patient.
Another limitation related to the clinical validity was that the absolute values of the
workspace volume were much higher for the clinical assessment than in WORKSPACE,
the reason being that WORKSPACE did not calculate the real workspace volume (e.g.,
as shown in [238]) but a cubic volume in front of the patient.

Applicability No problems with the applicability of the assessment. The workspace
was assessed in several steps reaching walls of discretely increasing distance. It could
be simplified by continuously moving the walls away from the center position.

QOM

Assessment evaluation The QOM assessment had mainly good intra-rater relia-
bility. The only values that changed significantly over the course of the four ARMin
sessions were almost exclusively due to different results for the first targets of the first
session pointing to a learning effect. The comparison between patients and healthy
subjects revealed that the patients performed similar or better than healthy subjects
with the non-dominant arm. Currently, we have no explanation for this trend. In the
dominant arm, the healthy subjects gained better results (as expected, Tab. 4.6). The
inter-rater analysis showed neither significant correlation between the testers (except
for number of peaks to start) nor could differences be detected in the Bland-Altman
analysis. The reason is in our opinion the small sample size. The precision metric
showed a tendency to moderately correlate between the testers. The construct validity
analysis revealed moderate but significant correlations comparing D-P ratio to start
and reaction time to start with GRASSP and VLT.

Limitations The fact that specifically the movements to the first target in the first
test showed significant differences to later tests indicates that the first couple of move-
ments should not be included in the assessment as it is likely influenced by learning
factors or inattention in the beginning. The results of the comparison and the inter-
rater reliability showed clear differences between movements to the target and start
position. This effect may be caused by a clear knowledge about the direction in which
the start position will appear and, therefore, the movement could be planned before
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the start position showed up. For the target positions the direction was not known
beforehand and the reaction and the movement may have been influenced by where
the target appeared.
The results of the peak metric from the comparison between patients and healthy
subjects were very ambiguous. It is known from the literature that the peak metric
performs fairly well for stroke patients, but is insensitive and nonrobust and unsuitable
for healthy subjects [246] and insensitive to brief resting periods [245]. Although our
assessment was performed in the frontal and not in the transverse plane as described
therein, conclusions from the number of peaks metric should be drawn carefully. Fur-
ther metrics, such as the spectral arc-length metric for smoothness [246] should be
considered for evaluation in a next assessment version.
Reaction time would be more reliable, when measuring the time to overcome a certain
distance from the real starting position, rather than measuring the time to leave a
starting circle, where the real starting position inside this circle was unknown. There-
fore, the distance that had to be moved until the reaction time was measured changed
in each trial.
The location of the targets in the frontal plane without a restriction for the distance to
the body may have been a source of higher variability in the assessed parameters, as
the patient could choose slightly closer or more distant targets in different trials. An
additional assessment package covering the quality of movement could be a tracking
task of a figure e.g., a circle [234] or a Lissajous figure [274].

Applicability No problems with the applicability of the assessment.

STRENGTH

Assessment evaluation The STRENGTH assessment had a good intra-rater and
inter-rater reliability (except for wrist extension which showed a significant difference
between the two testers in the Bland-Altman analysis). All the six valid comparisons
for wrist extension showed slightly higher values in the assessments of one tester. The
reason for this effect is unclear and we assume that it comes from the small number of
valid samples in this joint and the normal variability in the force data. Furthermore,
the construct validity showed a very good correlation with the MMT. The STRENGTH
measurement detected even small changes in torques applied which cannot be detected
with the MMT score. Moreover, the MMT scores showed a clear ceiling effect (Fig. 4.6)
which was not present in the STRENGTH assessment (i.e., a maximum MMT score
of 5 can still be continuously graduated with the STRENGTH measurement). The
MMT is the standard assessment to measure muscle forces. Cuthbert et al. [275] re-
ported an inter-rater-reliability from 0.63 to 0.98 with very well trained testers. As the
STRENGTH assessment reached ICC scores for the inter-rater reliability from 0.80**
to 0.98** the robotic assessment is comparable with the MMT score. Further aspects
that could potentially be investigated in a later version are endurance or fatigue.

Limitations The measurement of the mid-hand closing forces may not be repro-
ducible in other robots without knowledge of the exact design of the specific hand
module.
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Applicability The interface was used to show the currently assessed joint and in
which direction the torque has to be applied. However, difficulties in understanding
the indicated direction and the correct timing were reported sporadically.

RPM

Assessment evaluation The RPM assessment aimed to measure the torque that
was needed to move single joints of the arm. The stiffness portion of the arm resistance
may be used as an indicator for arm stiffness or spasticity. The patients participating
in this assessment study had almost no clinical relevant spasticity and, therefore, the
interpretability of the results is very vague. Accordingly, the joint stiffness values were
rather noisy with a trend for an increased resistance in patients. Mainly for shoulder
ab-/adduction, elbow flexion/extension and hand opening/closing, Fig. 4.3).
If further investigations proof the validity of RPM assessments this would be a very
good alternative for clinical scales such as MTS and the MAS which are neither re-
liable measurements for the upper extremity [231] nor have a rational scale with an
appropriate resolution to measure subtle changes in the arm stiffness.
Similar robot-assisted RPM measurements were already performed by other groups
with the therapist moving the arm and measuring force and angle with sensors achiev-
ing promising results [257]. Therefore, we hold to this approach and plan more tests
with patients with spasticity or biomechanical stiffness in the arm.

Limitations The variation between ARMin tests on different days were high, this
could be due to a real variation of the spasticity over time. Furthermore, clinical tests
and the ARMin assessments were not performed on the same day or during the same
time, which also influences the measured stiffness. For further studies, the clinical
investigation of spasticity has to be short before or after the RPM measurement.
Higher joint speeds would be desirable for measuring aspects of speed-dependent stiff-
ness (as in [254] or [276]). However, the ARMin robot is not powerful enough to reach
higher speeds than roughly 60 ◦/s over a sufficient joint range (after subtracting the
joint region for acceleration and deceleration of the joint).

Applicability For the RPM measurements in this paper there was a calibration
routine of the robot necessary in order to know the torques without the patient. An
accurate dynamic model of the robot would make the calibration redundant and it
could be skipped.

General Remarks

In this consideration of concept study, only mean values for all directional movements
were used (QOM and WORKSPACE). However, in a later study when there is more
patient data available, specific directions, sectors or quadrants of the workspace should
be grouped for a more detailed direction-dependent analysis.
Although the presented assessment packages were implemented in the ARMin robot,
the methods can be applied to other exoskeleton robots. However, for STRENGTH
the actuators and the robot structure have to be strong and stiff enough to counteract
the torques applied by the patient. WORKSPACE and QOM can also be applied to
end-effector robots, as both assessments only need the hand position as an input. The
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robot as a measuring tool may produce unwanted interaction forces with the patient.
These were reduced by active compensation of both gravity and friction. However, the
arm dynamics may still be influenced, e.g., by additional inertia or non-modeled grav-
itational and frictional effects. This makes it more difficult to compare the assessment
outcomes with other platforms or measurements (e.g., a free arm movement outside
the robot) or with a platform with different inertial properties. This is mainly an issue
for the assessments with free end-effector movements (QOM and WORKSPACE).
Furthermore, we cannot exclude that small imprecisions in the modeling of the non-
linear spring compensation may have led to a systematic bias for a certain direction in
the shoulder flexion/extension joint. However, this effect could not be observed from
the recorded assessment data.
Besides these modeling factors of the robot, the therapist as well has some influence on
the outcome. Even though the recordings are performed by the robot (except for the
pROM) the positioning, instruction and motivation of the patient - though unintended
- can influence the performance during the assessment and is reflected in the observed
inter-rater reliability. This influence could further be reduced by using standardized
audio-instructions or self-aligning exoskeleton axes [106]. In pROM the range measure-
ment is directly affected by the therapist’s (and also patient’s) rating of how strong
and far the joint can be moved before the resistance gets too high or the movement
causes pain. The different assessments can be used independently from each other.
Therefore, single assessment packages can be used to assess changes on daily basis,
i.e., before or after the robotic arm therapy session. Considering the duration to per-
form all assessments successively, the complete assessment package may only be used
for admission and discharge measurements or for outcome tests in research studies.
Finally, concerning the concurrent validity which was calculated by comparing each
single robot-assisted assessment with one clinical assessment, the use of linear mod-
els or mixed models based on several robotic metrics [232] may have led to better
reconstructions of the clinical scores and should be applied in a next validity analysis.

4.2 Robot-Assisted Assessments in ChARMin

4.2.1 Introduction

The availability of adequate arm assessments for diagnosis, measurement of therapy
outcomes and improvements, for adaptation of the rehabilitation treatment and to gain
insights in motor learning, is equally important for adults and children. A variety of
clinical assessments are available for measuring pediatric arm function. Some assess-
ments are specifically developed for the pediatric target group, e.g., the Assisting Hand
Assessment (AHA), Melbourne Assessment 2, Quality of Upper Extremities Skills Test
(QUEST) or the Pediatric Arm Function Test. Others are used likewise for children
and adults, such as the Box and Block Test (BBT), Manual Muscle Test (MMT) or
the modified Tardieu scale. A more extensive overview is given in the review of Gerber
et al. [61]. For the pediatric target group the psychometric properties of these clin-
ical assessments have not been extensively investigated and the assessments are not
well tolerated by the young patients. Therefore, trials on upper limb rehabilitation
in children and adolescents risk being biased by insensitive measurement tools lacking
reliability [61].
Adult rehabilitation already capitalizes on repeatable, sensitive, and objective robot-
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assisted assessments as mentioned in the literature overview in Sec. 4.1.1. In some
of the previously mentioned robotic platforms for children, assessments are already
included. Namely, the Pablo measures the range of movement of the arm with its
integrated position sensors as well as hand force and pincers grip force [145]. The
ArmeoSpring Pediatric measures the active range of motion in the 3D workspace, the
active and passive range of motion on joint level and the precision of hand movements
in space. The Amadeo robot allows to assess the finger ROM and finger force.
In the study using the NJIT-RAVR system for children with hemiparetic CP [141],
movement duration, smoothness of the end-point trajectory and reaching trajectory
length were measured. In the study using the REAPlan [147], children with CP per-
formed four different tasks (namely free amplitude, target, square and circle) which
allowed measuring the amplitude (distance reached to the front) as well as the coeffi-
cient of variation of the straightness, the jerk metric and the speed metric (as previously
presented in [234] for stroke patients). These examples show that robot-assisted arm
assessments can be applied to children. However, there is currently no evidence for the
reliability of these tools. Here, five robot-assisted assessments were developed to inves-
tigate the applicability, reliability, validity and responsiveness of robotic assessments
in pediatric rehabilitation. In a first consideration of concept study, these assessments
were applied to adult SCI patients with the ARMin robot as described in the previous
section (Sec. 4.1). Based on the results of this study, the assessment packages were
adapted for the ChARMin robot where needed. These assessments include the ROM
assessment where the robot holds the arm in a predefined position and the assessed
joint can actively or passively be moved to the minimal and maximal joint angles. The
WORKSPACE assessment measures the cubic volume that the patient can reach in
front of the trunk by showing alternately different directions to move to. The QOM
package is used to assess the quality of goal-directed movements in space such as
smoothness, time for the movement, speed, reaction time or distance-path ratio. In
the STRENGTH assessment ChARMin holds the child’s arm in a predefined posture
to measure the isometric joint torques that the patient can apply. The RPM assesses
the resistance to passive movement in the different joints. Furthermore, the existing
assessments were extended by the CIRCLE package which measures the tracking capa-
bilities of the child (such as the summed deviation from the target circle, smoothness,
variability or the circularness of the resulting circle). The resulting six assessment
packages were again combined with a visual interface for an intuitive and standardized
execution of the assessments.

4.2.2 Method

Adaptations from the Robot-Assisted Assessment Packages in Adults

A first set of five robot-assisted assessment packages was tested on the ARMin plat-
form with SCI patients [5] and are described in more details above (Sec. 4.1). This
consideration of concept study showed different aspects that should be improved be-
fore the five packages were transferred and tested with the ChARMin robot. The
adaptations performed on the algorithms, the evaluation software, and the interface
are subsequently listed.

General adaptations The evaluation routine for the assessments was extended to
increase the user-friendliness, the number of assessment parameters assessed and the
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field of application of the software.

• A user interface was implemented for the evaluation routine for a user-friendly op-
eration by therapists and other users of the robot (Fig. 4.8). The interface allows
to choose the assessment which should be evaluated, to insert the assessment-
specific parameters selected, the user profile (to know which files to evaluate), the
source folder and the target folder, where the assessment parameters are saved.

• Additionally to the assessments, the games can also be evaluated with the same
user interface (Fig. 4.8). Examples for the game evaluation are given in the
results section (Sec. 5.3) of the ChARMin feasibility chapter.

• New output plots are generated and new parameters calculated for a more de-
tailed analysis of the patient’s arm motor function (maximum speed, average
speed, etc.).

• The assessment software is directly embedded in the software interface (as shown
in Fig. 2.18), compared to ARMin, where it was an additional software.

ROM A major issue with the ROM assessment was the fact that the patients often
reached the mechanical end stop. The range of motion of the ChARMin robot is
comparable to the ARMin robot. Therefore, we expect similar problems for mildly to
moderately affected children who perform the ROM assessment.

Interface The interface mainly stayed the same. Each joint is represented on the
screen by a horizontal bar. When moving the joint actively, the range is shown
in blue. When the joint is moved passively by the therapist, the range is colored
in green (Fig. 4.10 a).

Algorithm The ROM assessment starts with shoulder flexion/extension. When 90◦

flexion cannot be reached, all the other joints which use robot postures which
are at this height (horizontal shoulder ab-/adduction, shoulder internal/external
rotation and elbow flexion/extension) are skipped for safety reasons. The starting
position for the elbow measurement was adapted from 0 ◦ to 45 ◦.

WORKSPACE The tests with adult SCI patients showed that the WORKSPACE
takes quite some time and that a continuous increase of the workspace volume is
desirable (Sec. 4.1.4). Therefore, the WORKSPACE was extended with a continuous
mode where the walls of the cubic volume can be moved continuously.

Interface The continuous mode was introduced to increase the walls of an initial
room continuously by moving towards instructed room walls indicated with a
green wall (Fig. 4.10 b). Further new settings for the assessment are the initial
room size, the time that the patient needs to stay on the wall before the room is
increased (for the discrete mode) and the possibility in the evaluation interface
to choose which target movement should be plotted and analyzed in more detail.
An example is given in the ChARMin feasibility chapter (Fig. 5.7 d).

Algorithm The evaluation algorithm was extended for the continuous mode. Param-
eters such as mean speed, maximal speed, reaction time, etc. are calculated for
further analysis of the targeted movements. However, the instruction is not to
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Figure 4.8: Interface for the evaluation of the recorded assessment and gaming data.
In the left ’Assessments’ panel, the user chooses the assessments to be evaluated and
the settings which were used together with the assessments. The middle ’Games’
panel allows to chose the games which should be evaluated. On the bottom right
are the settings for the source folder of the assessment files and the output folder for
the generated files with the assessment parameters. A warning panel informs about
missing files, about files which are present several times, etc. On the top right, the
patient profile and the distal module are specified and the evaluation can be started.
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move as fast as possible to the target wall indicated and, therefore, these param-
eters have more informative content and should not be used as an assessment
outcome.

QOM The QOM assessment and evaluation were mostly transferred to the ChARMin
robot. More settings were added to adjust the assessment to the patient.

Interface In the assessment trials for adults, the distance of the targets from the
start position depended on the previously assessed WORKSPACE levels. In
the new assessment software, this distance can be fixed when desired. Further
new settings are the time that the patient needs to hold the target position, the
distance from the target which is rated as ’being on the target’ and the number
of rounds which should be evaluated. An example of the QOM assessment screen
is shown in Fig. 4.10 c.

Algorithm The evaluation algorithm was slightly adapted to take the new settings
into consideration.

STRENGTH The STRENGTH assessment was largely copied from the ARMin
version.

Interface The posture for the elbow measurement was changed to get closer to the
neutral-0-method position and get rid of the 90 ◦ shoulder flexion position. Fur-
thermore, the therapist chooses the time point for the recording with a button
on the interface (Fig. 4.10 d). For adults, this assessment was fully automated
with predefined baseline and recording intervals. For children, in contrast, the
therapist decides when the child is ready for the recording, as it may temporarily
be distracted or some instructions may be needed in between to visualize the
direction in which the force has to be applied.

Algorithm The evaluation algorithm remained unchanged.

RPM The RPM assessment was slightly adapted from the ARMin version.

Interface The interface looks similar to the previous version (Fig. 4.10 e). An ad-
ditional feature allows reading previous pROM values to be able to run the
calibration at a later time point and not directly after the assessment session.

Algorithm The lower speed for measuring the resistance was set to 10 ◦/s compared
to the ARMin measurement which measured at 30 ◦/s. As the slow movement
should be ’as slow as possible’ (according to [267]) to not trigger a spastic reaction
to the movement, but high enough to finish the assessment in reasonable time,
the speed was chosen to be 10 ◦/s, which was confirmed by the therapists. The
rest of the evaluation algorithm remained unchanged.

CIRCLE Assessment

In the conclusions of the adult assessment evaluation, the idea was rised that a tracking
task could give additional information about the quality of the arm movement of the
patient (Sec. 4.1.4). Gilliaux et al. [234] successfully used this concept for robot-
assisted assessments with children suffering from CP. Therefore, a CIRCLE tracking
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Figure 4.9: Assessment screen with the six different assessment packages available.

assessment was newly introduced for the ChARMin assessments. For this assessment,
the patient’s hand is represented as a red disk on the screen. A green reference disk
moves circularly on the screen and the patient needs to follow this disk as closely as
possible (Fig. 4.10 f). The assessment settings allow to select five different speeds
(speed 1: 60 s/round, speed 2: 30 s/round, speed 3: 20 s/round, speed 4: 15 s/round,
speed 5: 12 s/round) for the reference circle to adapt the assessments to the patient,
when needed.
The assessment parameters extracted from the raw end-effector data are the summed
difference between the current position and the reference disk, the percentage of the
time that the patient was in front of the reference disk and the ellipse ratio, which
is the ratio between the minimal and the maximal radius of the least-squares fitted
ellipse. Further parameters, such as the smoothness of the end-effector movement are
currently not calculated for the CIRCLE assessment.

Implementation

The assessments software is directly integrated into the main menu of the user interface
(Fig. 2.18). When the assessment is chosen in the main menu, the six different
assessment packages can be selected on the screen (Fig. 4.9). Each assessment has a
supportive interface showing the joint ranges, joint torques or targets that have to be
reached or followed (Tab. 4.10).
For the integration of the assessments in the ChARMin robot, the software platform
changed from the GIANTS engine software to the Unity game engine software. This
is why the interface for all the assessments looks slightly different from the adult
version. However, the conceptual ideas and the arm movements performed during the
assessments remained mainly unchanged.
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(a) ROM (b) WORKSPACE

(c) QOM (d) STRENGTH

(e) RPM (f) CIRCLE

Table 4.10: Six different robot-assisted assessment packages were implemented for the
ChARMin robot to describe the patient’s arm motor function with kinematic, kinetic,
and timing parameters.
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Technical Validation

A technical validation of the ChARMin assessments is necessary to characterize the
suitability of ChARMin as a measurement tool. The measurements recorded during
the assessments are the isometric joint torques, the joint angles, and the end-effector
position. The technical validation allows to understand the assessment parameters
with respect to the measurement precision, i.e., to judge what parameter uncertainty
is introduced by imprecisions of the robot sensors.

Torque estimation from motor current For STRENGTH, a measurement of
the patient’s joint torques is needed. ChARMin is not equipped with force or torque
sensors to measure this joint torque directly. However, ChARMin uses DC electric
motors for each actuated joint. In DC motors, the torque is proportional to the motor
current. The motor current is known, as the innermost control loop in our application
is a current controller. As a consequence, the joint torque can directly be computed
from the motor current.
For the isometric strength measurement, the robot is held in place by the robot actu-
ators. When the patient applies a joint torque to the robot, the controller produces a
counter torque to hold the position. Unfortunately, the motor torques and the torques
applied by the patient are usually not identical, as friction decreases the torques which
the motor needs to apply to counteract. Therefore, the relation between torques ap-
plied and torques measured has to be calibrated and its validity needs to be tested.
To calibrate the torque measurement, a hand-held AFG (Advanced Force Gauge)
1000N (Mecmesin, UK) sensor was used to apply forces to the different joints of the
robot. The forces measured with the Mecmesin sensor and the robot joint torques
were recorded simultaneously and compared to each other. From the AFG force mea-
surements, the applied torques can be determined by multiplication with the distance
from the measured joint to the attachment point of the AFG. For each joint, the two
joint directions were measured twice.

End-effector measurement repeatability and precision For the assessments
which instruct to move to a point in space, such as the WORKSPACE, QOM or
CIRCLE, it is important to know how precisely a target position in space can be mea-
sured, e.g., when the patient moves his hand exactly to the same position during the
WORKSPACE assessment, will the robot repeatedly measure the same end-effector
position, also when recalibrating the robot in between?
To test the measurement repeatability and precision, the end-effector was moved man-
ually to the same position in space for ten times. For this reason, a pin was attached to
the end-effector of the robot with the peak lying on the axis of rotation of the forearm.
This peak was moved to the peak of another stationary fixed target pin in space. In
each target position, the end-effector position calculated by ChARMin was recorded.
To account for errors which can be introduced by the robot calibration, the control
model was started again after each single movement to the target and the sensors were
newly calibrated. Furthermore, different robot postures were applied to reach the tar-
get position. The tested postures varied around [20, 65, 5, 55, 30, 0]◦ for the six axes.
The large distal module was used with an upper arm length of 5.5, forearm length of
5.5 and a hand length of 3.
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Achievable end-effector accuracy for a virtual target Another important mea-
sure is the achievable accuracy of the end-effector position when moving to a target
position shown on the screen. In the QOM and CIRCLE assessment, a target position
has to be reached on the screen. To understand how accurately this position can be
reached with the robot, a virtual target position was manually reached for ten times
as accurately as possible. Similarly to the measurement repeatability test, the control
model was started again before each measurement and the postures were varied. As
the virtual target is only shown in the frontal plane, the third translational axis was
also varied when reaching for the target. The virtual target was on the x-y-coordinates
(0, 0). The z-coordinate was varied between -0.58 m and -0.28 m.

Repeatability, precision, and accuracy of the joint angle measurement For
the ROM measurement, the repeatability of the joint angle measurement is important.
Therefore, each robot joint had to be moved to a mechanically predefined position.
The mechanical end stops were used to guarantee that always the same position is
measured. In each of the angular positions, the joint angles were recorded ten times.
To test the repeatability between different assessment sessions, the control model was
restarted between the single joint measurements.

4.2.3 Results

Torque estimation from motor current The motor torques which were produced
to counteract an externally applied torque by the Mecmesing AFG sensor were mea-
sured. This revealed a large hysteresis in the ChARMin force estimation due to joint
friction (Appendix A.4.1). However, when measuring the maximally applied isometric
torque, only the loading phase, where the torque is increased is of interest. The un-
loading can be ignored. The accordingly cut data without the unloading is shown in
Fig. 4.10 for the large distal module. The results for the small module are given in
Fig. A.16 (Appendix A.4.1). The figures show the diagonal (blue line) which can be
seen as the perfect mapping if the joint was frictionless (i.e., Mecmesin is equal to the
motor torque). The linear fit which was finally used for the calibration is shown in
black. The slope of the linear fit is between 0.35 and 0.81 of the diagonal (Tab. 4.11).
The linearity of the robot force estimation is between 2.38 % and 5.69 % for the small
distal module and between 1.86 % and 5.24 % for the large module (Tab. 4.11).

End-effector measurement repeatability and precision Ten end-effector posi-
tions were recorded after reaching to a fixed spatial position. For the ten positions,
the posture was varied and the control model restarted. The mean values, standard
deviations (Std) and coefficients of variation (COV) of the recorded target positions
are listed in Tab. 4.12. The Std and COV can be understood as a measure for precision
(measuring the same position) as well as repeatability (after restart) of the measure-
ment. The COV sets the Std in relation to the x-, y- and z-range which can be reached
(1.01 m, 0.96 m and 0.72 m, with the large distal module and maximal range settings).
The positions recorded are plotted in Fig. 4.11 a.

Achievable end-effector accuracy for a virtual target The resulting mean val-
ues, standard deviations, and COV for reaching a virtual target are listed in Tab. 4.13.
The ChARMin positions recorded are plotted in Fig. 4.11 b.
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Figure 4.10: Isometric torque validation for the six axes of ChARMin equipped with
the large distal module. Only the loading of the robot is shown, i.e., without hysteresis.
On the x-axes are the torques applied by the Mecmesin AFG sensor and on the y-axes
are the motor torques applied to the robot joint by the motors to counteract the
external forces. The blue line is the diagonal which can be seen as the perfect mapping
if the joint was frictionless. The black line is the linear fit of the cut data.
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Axis 1 Axis 2 Axis 3 Axis 4 Axis 5 Axis 6

Small distal module

Slope of the linear fit 0.81 0.64 0.58 0.78 0.55 0.44
Linearity FS [%] 2.38 3.41 5.58 4.33 5.31 5.69
Max deviation FS [%] 9.20 13.57 21.97 12.53 15.00 25.05

Large distal module

Slope of the linear fit 0.81 0.58 0.39 0.58 0.35 0.54
Linearity FS [%] 1.86 3.53 3.52 3.18 3.33 5.24
Max deviation FS [%] 7.41 12.19 17.70 15.13 13.79 25.97

Table 4.11: Correction gains and linearity of the ChARMin force estimation. ’Linearity
FS’ is the mean value of the absolute difference between measured value and linear fit
with respect to the full-scale value (FS). Here, the FS corresponds to the maximally
measured torque. The ’Max deviation FS’ gives the maximal deviation of the measured
force from the linear fit with respect to the FS value.

Mean x [mm] Mean y [mm] Mean z [mm]

-50.4 -170.9 -476.1

Std x [mm] Std y [mm] Std z [mm]

2.0 3.6 2.0

COV x [%] COV y [%] COV z [%]

0.20 0.37 0.28

Table 4.12: Measured end-effector repeatability and precision for reaching a fixed point
in space. Std = Standard deviation. COV = Coefficient of variation.
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Figure 4.11: Measured end-effector positions and its projections (gray) to the xy-,
yz- and xz-plane for (a) the end-effector repeatability and precision for reaching a
fixed point in space and (b) the achievable end-effector accuracy for reaching a virtual
target.

Mean x [mm] Mean y [mm] Std x [mm] Std y [mm] COV [%] COV [%]

0.08 0.07 0.22 0.23 0.021 0.024

Table 4.13: Measured achievable end-effector accuracy for a virtual target. Std = Stan-
dard deviation. COV = Coefficient of variation.
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Repeatability, precision, and accuracy of the joint angle measurement The
mean values, standard deviations, and COV for the two directions of the six joints are
given in Tab. 4.14.

Axis direction Mean [◦] Std [◦] COV [%]

1 min -11.72 0.26 0.25
1 max 97.77 0.27 0.26
2 min 51.93 0.29 0.36
2 max 130.87 0.29 0.36
3 min -31.22 0.36 0.36
3 max 73.15 0.31 0.31
4 min -0.04 0.17 0.15
4 max 122.32 0.16 0.14
5 min -89.18 0.12 0.07
5 max 88.95 0.17 0.09
6 min -64.54 0.42 0.30
6 max 65.39 0.53 0.38

Table 4.14: Repeatability, precision, and accuracy of the joint angle measurements.
Std = Standard deviation. COV = Coefficient of variation.

4.2.4 Discussion

Five different robot-assisted assessments packages were previously tested with adult
SCI patients using the ARMin rehabilitation robot. The different assessment packages
were adapted and implemented in the ChARMin robot. Only minor changes had to be
applied to the single assessment packages. The interface was newly programmed on a
different platform, but the assessment procedure was only changed minimally. In gen-
eral, more settings are provided to test different assessment configurations (e.g., speed
of the circle reference, time to stay on the target in QOM and target region in QOM),
the handling was improved (e.g., by adding the recording feature in STRENGTH and
more instructions on the screen) and the safety increased (e.g., adapting the measure-
ment positions, skip certain measurements when the patient cannot flex the shoulder
more than 90 ◦). For the WORKSPACE assessment, a new continuous mode was
added. The evaluation software was extended and a user interface added for a more
intuitive evaluation of the assessments and games. Lastly, a new assessment package,
CIRCLE, was added to measure the tracking skills of the patient. With this set of six
assessments we believe to have an objective, reliable, and valid tool to measure the
therapy outcome as it was required by Sakzewski et al. [32].
A supplementary way to capture and quantify skill at the level of motor execution is the
speed-accuracy tradeoff function, which refers to the relationship between movement
speed and accuracy for a particular task. Subjects tend to make more errors at higher
movement speed and, conversely, to slow down for more accuracy. It can be concluded
that an increase in accuracy alone does not indicate improved skill and that true skill
acquisition can only be described with the learners speed-accuracy tradeoff function
[37]. The CIRCLE assessment has the potential to measure this speed-accuracy trade-
off, however, the instruction should be changed, such that the patient chooses his own
speed to follow the target circle, rather than following a target which performs a pre-
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defined circular movement. The moving reference could be a switchable feature, such
that both assessment variations can be tested.

In the technical validation, the ChARMin torque measurement was evaluated. The
ChARMin joint torques, derived from the motor current by means of the linear motor-
specific characteristic between current and torque, shows a large hysteresis1. This
hysteresis comes from the mechanics between the motor and the human arm and in-
accuracies in the current and motor torque measurements. However, for the isometric
torque measurement, only the loading phase of the joint is of interest. A linear model
was used to explain the difference between the torque induced by an externally applied
force sensor and the corresponding motor torques derived from the motor current. The
slope of the linear fit ranges between 0.35 and 0.81 (Tab. 4.11). The calibrated force
estimation using the motor current showed an acceptable linearity between 1.86 % and
5.69 % (Tab. 4.11). The maximally observed deviations from the linear model range
between 7 % and 15 %. The deviations for axis 3 and axis 6 for both distal modules are
even higher, which can also be observed in Fig. 4.10. These higher differences come
from more distinct stick and slip effects at higher loads. In general, the joint torque
estimation can be used to measure isometric torques. However, the measurement ac-
curacy has to be mentioned when using the robot as an assessment tool. A repeated
measure (e.g. performing the STRENGTH assessment two times) will improve the
accuracy of the joint torque measurement.

The ten measurements for the end-effector positions showed a small variability and,
therefore, a good repeatability and precision (Tab. 4.12). As the robot was restarted
between each single measurement, the variability is a measure for the precision and
repeatability. To analyze the precision alone, the recordings have to be performed
without restarting the system. However, given that the combined Std and COV are
very small, the precision is expected to be at least in the same range or better. The
Std for the y-axis (upwards and downwards direction) is higher compared to the x-,
or y-direction. The reason probably is the mechanical play in axis 2 which, combined
with the distance to the end-effector, leads to a higher measurement uncertainty for
this direction.
The achievable end-effector accuracy for a virtual target (Tab. 4.13) is very high. The
virtual target was at the position (0 mm/ 0 mm) and the mean of the robot end-effector
positions (when being on the target) was (0.08 mm/ 0.07 mm), which is a position er-
ror of about 0.11 mm. Moreover, the precision and repeatability which can be inferred
from the Std and COV are very high.
The precision and repeatability of the joint angle measurement were very high with a
standard deviation between 0.12 ◦ and 0.53 ◦. As in the measurement for end-effector
precision and repeatability, the precision alone was not measured, but is in the same
range or better than the measurement of both effects. The accuracy can be given by
considering the difference between the measured absolute joint angle and the position
of the mechanical end stop. The differences are -1.72 ◦ and 2.77 ◦ (axis 1), 1.93 ◦ and
0.87 ◦ (axis 2), -1.22 ◦ and 3.15 ◦ (axis 3), -0.04 ◦ and 2.32 ◦ (axis 4), 0.82 ◦ and -1.05 ◦

(axis 5) and 0.46 ◦ and 0.39 ◦ (axis 6). These differences show a rather good accuracy.

1That is also the reason why it is impossible to use the motor current force estimation for the
controller, e.g., for an admittance controller or to reduce interaction forces between the robot and the
patient.
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The reasons for the differences between the measured and real end stop might come
from a unprecise calibration of the sensor or an unprecise position of the mechanical
end stop.
A measurement of the absolute end-effector accuracy is missing. This is mainly im-
portant for the WORKSPACE assessment to know whether the reached positions and,
therefore, the reached volume are correct. This measurement could be performed with
a visual tracking system with a marker on the end-effector and calibrated to have the
origin in the shoulder position. This measurement was not performed. However, the
absolute end-effector accuracy can be roughly estimated from the joint angle accuracy
above and the robot length settings. For the x-direction and y-direction this is max-
imally 21 mm and 26 mm, respectively. This accuracy can be increased by improving
the sensor calibration. Additionally, there is the mechanical play which also adds up
to about 0.4 mm in the x-direction and 4 mm in the y-direction.
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5 ChARMin Feasibility

5.1 Introduction Feasibility

Upon finishing the robot, controllers, and assessments, ChARMin was ready for a pre-
liminary feasibility test with young patients. After receiving approval from the ethical
committee (KEK, Zurich, Switzerland) on the 12th June 2015 and the Swissmedic
(Swiss Agency for Therapeutic Products) on the 25th June 2015, the first feasibility
trials could be started with in- and outpatients from the Rehabilitation Center for
Children and Adolescents, Affoltern am Albis, Zurich, Switzerland. For first feasi-
bility considerations, five children and adolescents were recruited and the games and
assessments tested.

5.2 Method

5.2.1 Participants

Patients were recruited by contacting in- and outpatients of the Rehabilitation Center
for Children and Adolescents, Affoltern a. A. Switzerland. Eligibility criteria for the
ChARMin therapy are children between 5 and 18 years with a neurological diagnose or
other (non-neurological) diagnoses and an impairment of the upper extremity requiring
an intensive training of the upper extremity. Exclusion criteria are among others:

• Strong adiposity, which makes it not possible to adjust the cuffs and orthoses to
the anthropometries of the participant

• Instabilities of bones or joints, fractures or osteoporosis/osteopenia

• Open skin lesions of the upper extremity that should be positioned in ChARMin

• Luxation or subluxation of joints of the upper extremity that should be positioned
in ChARMin

• Strong pain

• Injuries or lesioned nerves of the upper extremity that should be positioned in
ChARMin

• Strong spontaneous movements like ataxia, dyskinesia, myoclonus

• Instable vital functions like pulmonary or cardiovascular conditions

• Implanted pace maker, defibrillator of the heart

• Severe cognitive deficits

• Inability to signal pain or discomfort

• Severe visual impairment (inability to see the screen)

• Severe spasticity (Ashworth 4)
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• Severe epilepsy

• Insufficient head stability

• Infections requiring isolation of the patient

For the first case trials, five patients (aged 5.9 to 17.1 years, mean 12.1, 3 male) were
eligible to perform a feasibility test with the ChARMin robot. Two patients suffered
from CP, two patients from a stroke, and one patient from a TBI (Tab. 5.1). Four
patients used the right arm for the ChARMin training. Three of the patients also
performed the six robotic assessments and the clinical tests. Three therapists were
educated in advance in the use of the robot and an elaborated manual was provided
which described the robot in detail.
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4 6.08 m Stroke 0.61 l l in
5 15.08 m Ataxic CP - l/r r in

Table 5.1: Characteristics of the patients. aTraumatic brain injury (TBI) following
an accident. bThe feasibility trial was started with left (mobilization, spaceship and
tennis) but the patient was weary of using his left arm after 10 min and could not be
motivated to continue.

Ethic statement All parents signed an informed consent; the study was approved
by the responsible ethical committee (KEK, Zurich, Switzerland, KEK-ZH-Nr. 2015-
0239) and Swissmedic (Swiss Agency for Therapeutic Products, reference number:
2015-MD-0009). The parents of the individuals in Fig. 5.5 and Fig. 5.6 gave written
informed consent to publish the pictures.

5.2.2 Study Design

With the five case trials, a preliminary feasibility test of the ChARMin was performed
to investigate the applicability of the robot to the pediatric target group. Two sessions
were scheduled for the test with the robot.
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Session A: Robot Settings, Handling, Comfort and Game Testing

In session A, the applicability of the robot to the pediatric arm, the robot handling,
the games, and the arm support were evaluated. The following protocol was used as a
guideline for conducting this session:

Setup Welcome the patient and introduction of ChARMin. Measure the patient’s
arm length. Adjust the robot and settings to the patient. Perform a short
mobilization sequence to familiarize the patient with the active robot support
mode.

Gaming Play the ball game with a single joint chosen by the therapist and support
chosen according to the assistance needed. Subsequently, test more of the remain-
ing five games when possible (dependent on time and child motivation). Adapt
the support and difficulty of the games to optimally address the impairment of
the patient.

Questions child The patient answers questions about the motivation, comfort, and
gameplay.

Questions therapist After the test session, the therapist answers a couple of ques-
tions to analyze the feasibility and handling of the robot.

Session A - Duration 60 min

Setup Gaming Questions child Questions therapist

15 min 20 min 5 min 20 min

Measure
patient’s arm
length, adapt
robot settings,
mobilization

Play single-axis
and multi-axis

games

Patient answers
questions about
motivation and

comfort

Therapist answers
questions about the

applicability and
handling of the

robot

Table 5.2: Protocol for session A. In 60 min, the robot was adjusted, games were
played, and the session was evaluated with a questionnaire.

Session B: Robot Settings and Robot-Assisted Assessments

In session B, the applicability of the six different assessment packages were tested with
the patient. To measure the intra-rater reliability of the assessments, session B was
performed twice by the same tester. Session B was always performed after session A.
The following protocol was used as a guideline for conducting session B:

Setup Positioning of the patient and adjustment of the robot.

Assessments Performing the six different assessment packages including the cali-
bration of the RPM assessment. The sequence for the assessments is ROM -
WORKSPACE - RESISTANCE - CIRCLE - QOM - STRENGTH for all the
patients.

Questions therapist After the assessments, the therapist fills out a questionnaire to
analyze the feasibility of the assessments.
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Session B - Duration 45 min

Setup Assessments Questions therapist

5 min 30 min 10 min

Robot settings
and adjustments

Perform the six
robot-assisted
assessments

Questionnaire for the therapist
about the feasibility of the

assessments

Table 5.3: Protocol for session B. In 45 min, the robot was setup and the six robot-
assisted assessment packages were performed with the young patient.

5.2.3 Outcome Measures

Questionnaires and Settings

For the first feasibility tests, a case report form questionnaire was used which covered
the following aspects:

i. Patient information The patient information included the age, sex, body height,
body weight, diagnose, time since the incident, affected side, arm side tested, arm
length (upper arm, forearm, carpus, finger), arm circumference, and the information
whether it was an in- or outpatient.

ii. Positioning The positioning comprised the time needed to sit the patient down
and adjust the robot hardware and settings as well as the seating chosen (e.g., a chair,
an active or passive wheelchair). It captures whether a good positioning is possible,
whether the patient is sitting stable, how well the positioning of shoulder joint/upper
arm/forearm/hand is, whether the lasers are useful, the comfort of the robot, robot
parts which are close to the patient, the gravity compensation and the need for position
adaptations during the test or between the test sessions.

iii. Robot settings and handling All the robot length settings were recorded
(upper arm scale, forearm scale, hand scale, lifting column height, chair height). The
questions related to the handling of the robot collected information about the change-
of-side mechanism and the exchange of the distal module and the time needed for these
operations.

iv. Therapy aspects The questions which addressed the training were: What are
the most important therapeutical goals for the current patient and what movements
can best be addressed with the ChARMin therapy? Which parts or components of
ChARMin are restricting the therapy? Can the patient profit from active support?
Should more movements be supported, or the support be changed? Which is the most
motivating game for the patient, which is the most suitable according to the therapist?
Are more handles for the therapist needed to hold and interact with the robot? Were
there complications with the hardware? Is the robot easy movable? Did the robot
perform any undesired or unexpected movements?

v. Interface The interface user-friendliness was described with these questions:
Were there any software errors? Can the support be changed intuitively? Are more
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adjustments/settings needed? Is the safety foot pedal restricting the training? Is the
emergency button within reach? What were the direct interactions with the exoskele-
ton and why?

vi. Assessments The assessment questions addressed the usefulness of the robot-
assisted assessments. The different assessments were rated regarding understandability,
duration, and applied robot posture.

Robot Parameters

Games During the games, the game score and the end-effector position, as well as the
joint angles, were recorded. This data allows extracting various parameters describing
the training performed. For a first analysis, the duration that the game was played, the
amount of support which was chosen by the therapist, the joint range (for single-axis
games) or workspace (for multi-axis games) and the mean end-effector speed during
the games were measured.

Assessments With the set of six robot-assisted assessment packages, various aspects
of arm motor function were evaluated (as described in Sec. 4.1.2 and Sec. 4.2). While
the ROM and the STRENGTH assessment were purely based on raw sensor data, the
WORKSPACE, QOM, RPM, and CIRCLE assessments calculated features that were
extracted from the raw data.

Clinical Scores

The clinical scores that are standardly applied to the child in the rehabilitation cen-
ter are Nine-hole-peg test (NHPT), Box and block test (BBT), manual muscle test
(MMT), pinch grip strength, power grip strength, range of motion (ROM), and modi-
fied Ashworth scale (MAS). To compare the robot-assisted assessments to the clinical
assessments, the two tests should be performed within seven days.

5.3 Results

5.3.1 ChARMin Applicability and Settings

For the analysis of the ChARMin applicability, the case report form was evaluated and
the results listed according to the aspects mentioned above (Sec. 5.2.3).

i. Patient Information

The general patient characteristics were already summarized in Tab. 5.1. At the begin-
ning of session A, the anthropometric parameters of the patient’s arm were measured.
The body height and weight are usually assessed in the standard clinical routine. The
collected data is listed in Tab. 5.4.
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ID Body
height
[cm]

Body
weight

[kg]

Upper
arm

length
[cm]

Forearm
length
[cm]

Hand-
MCP
[cm]

MCP
finger

tip
[cm]

Upper
arm

circum-
ference

[cm]

Forearm
circum-
ference

[cm]

1 164.0 75.0 32.0 25.0 8.0 10.0 35.0 21.0
2 117.0 19.0 19.0 17.0 5.0 7.0 16.0 17.0
3 159.0 55.0 29.0 23.0 9.0 9.0 27.0 18.0
4 121.0 21.7 20.0 17.0 8.0 7.0 - 15.0
5 171.0 46.8 30.0 27.0 10.0 9.5 21.0 19.0

Table 5.4: Weight and arm anthropometry of the five patients measured. MCP =
Metacarpophalangeal Joint.

ii. Positioning

The positioning in the robot took about 5-10 min (ID1: 5 min, ID2: 8 min, ID3: 5 min,
ID4: 10 min, ID5: 10 min). The robot could be adjusted to the arm sizes of the five dif-
ferent patients. Patient ID1 and ID2 were transferred from a wheelchair to a chair and
an active wheelchair, respectively. The therapists rated the lasers to be useful for the
shoulder positioning (in four out of five questionnaires). However, the patients had to
be reminded from time to time to sit upright and to adjust the shoulder position. The
positioning of the upper arm, forearm, and hand was without any problems, except
for ID5 who needed additional foam material inside the cuff for a good alignment with
the robot. For patients with little strength in the hand and fingers, the forearm can
slide in the direction of the elbow, leading to a misalignment between robot axis and
patient joint (observed in ID4). ID1, ID3, and ID5 needed no additional stabilization.
ID2 was fixed with a chest strap and the hand position needed to be adjusted during
the test session. The trunk stability of ID4 could have been improved with a chair
featuring pelottes for the thorax and/or the pelvis. The positioning was comfortable
for all five patients.
In general, the patient was first seated in front of the screen. Then the robot was posi-
tioned with respect to the patients’ shoulder by means of the lasers. In the following,
the arm was placed in the exoskeleton and the upper arm scale, forearm scale, and
hand scale were adjusted to the patient. When needed additional foam material (ad-
justing the upper arm position in ID5) or cushions (additional cushions for the elbow
joint in ID4) were provided.
Collisions were detected with the chair of ID1 during the ROM assessment of joint 5
and 6 and the robot elbow was very close to the patient’s trunk when the patient was
sitting slightly too close to the exoskeleton. During the gameplay with patient ID2, a
collision with the arm rest of the wheelchair occurred, however, the test session did not
need to be stopped. Examples for the positioning of the patients in the exoskeleton in
front of the screen can be found in Fig. 5.5 and Fig. 5.6.

iii. Robot Settings and Handling

For all the patients, the robot could be adjusted such that the robot axes were aligned
with the anatomical joint axes of the patient. The patients ID1, ID3, and ID5 used
the large distal module, while the patients ID2 and ID4 used the small distal module.
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Large distal module

Table 5.5: Patients ID1, ID3, and ID5 of the ChARMin feasibility trials who trained
with the large distal module. The patients in the pictures play the spaceship game
and perform the CIRCLE assessment (from top to bottom). Published with written
informed consent of the parents and individuals in the picture.
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Small distal module

Table 5.6: Three participants of the ChARMin test session. The first two pictures
show patient ID2 and ID4 of the ChARMin feasibility trials who trained with the
small distal module. All of them are playing the diver game. The third picture shows
a healthy 6-year-old child (bottom). Published with written informed consent of the
parents and individuals in the picture.
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With a body height of 117 cm, the anthropometrics of the youngest patient (ID2)
approached the limits of the robot. This can be seen from the robot length scale
settings with the hand scale and the lifting column at their minimum and the upper
arm scale and forearm scale close to the minimum (Tab. 5.7). For comparison, the
total range settings for the robot scales are listed in Tab. 5.8. For patient ID4, aged 6
years, the scales are close to the minimum but not at the limit. For the three patients
using the large distal module, the length scales were in the lower range of the scales.
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Table 5.7: Robot settings for the five patients. aPatient ID2 was sitting in an active
wheelchair.

For almost all the patients, a small gravity support was added to not have to lift the
own arm weight during the whole session (5.2 %, 0 %, 4.7 %, 6.8 %, 4.7 %).
During the test session of the patient ID1, the change-of-side of the robot was per-
formed and took approximately 2 min. For the other sessions, the robot was always
prepared before the arrival of the patient. The estimated time for the exchange of the
distal module is approx. 3 min and approx. 2 min for the change of side for a trained
user. The exchange of the distal module requires some training for the user but could
be performed by all the three therapists trained so far.

Distal
module

Upper arm scale
[ ]

Forearm scale
[ ]

Hand scale
[ ]

Lifting column
[ ]

Small 1 ... 13 0 ... 7 0 ... 2.5 1 ... 41
Large 1 ... 14 0 ... 10 0 ... 5 1 ... 41

Table 5.8: Maximum range values for the ChARMin length scales.

iv. Therapy Aspects

A short mobilization was conducted with all the patients. The movements could in-
tuitively be recorded and replayed and no difficulties were pointed out. Mobilization
was stated to be an important therapeutical goal in the patients ID1, ID2, and ID4.
Other therapeutical goals for the patients focused on improving the range of motion
of ShEx or ShFl (in 5 patients), HSAb or HSAd (in 4 patients), ShER or ShIR (in 2
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patients), ElFl or ElEx (in 4 patients), ElSu or ElPr (in 2 patients), WrEx or WrFl
(in 3 patients), wrist ulnar- or radial flexion (in 1 patient), thumb (in 3 patients),
and finger (in 3 patients). The questionnaire revealed that with the ChARMin robot
mostly shoulder and elbow movements can be trained well (rated between 7 and 10
out of 10). For ElPr and ElSu the suitability had a good rating as well (8, 8, and 10
out of 10). The wrist was only mentioned twice with a rating of 6 each. The thumb
and fingers cannot be addressed very well, except for finger flexion which was rated
with a 3, 5, and 8. The pressure bulb was mentioned twice to restrict the training,
because the hand can slip of the bulb (ID1) and because it can not support an active
extension of the fingers (ID4).
According to the therapists, the patients ID1, ID2, and ID4 profited from the active
support. For the patients ID3 and ID5, the support was not helpful. More support
was required for the whack-a-mole game, which had no support features included.
Asking the patients which game was the most motivating, the diver (3x), whack-a-mole
(2x), spaceship (2x), and ball game (1x) were mentioned. However, not all the games
were played by each patient. The airplane game was rarely played, because there was
no support feature. When asking the therapist which game was most suitable for the
patient, spaceship (4x), diver (3x), and the ball game(1x) were named.
During the session with ID4 (small distal module), the therapists mentioned that an
additional handle at the forearm of the robot could be useful. The therapists stated
that a larger elbow cushion is necessary (ID1 and ID4) and that the robot collided
with the chair (ID2 and ID3). An illustration which shows possible collisions between
a wheelchair and ChARMin is given in Fig. A.25 (Appendix A.5.6).
The therapists and patients reported that the robot can be moved well without re-
sistance and that the robot made no undesired or unexpected movement, except for
ID3 where the patient wanted to target another object than the robot supported to,
leading to a ’forced’ movement to the target chosen by the robot.

v. Interface

During the test session, software errors occurred from time to time (approx. two times
in each session). The errors were ’end-effector speed too high’ when the patient moved
faster than expected, ’wrong side selected’, when another distal module was selected
in the settings than actually mounted, ’motor current mismatch’ when a software end
stop was hit strongly, ’foot pedal pressed during startup’, when the food pedal was
pressed while starting the software, and ’position control error’, when pressing or re-
leasing the foot pedal. While the first two errors can just be confirmed and the therapy
can be continued, the others force a restart of the software.
No problem was reported in the understanding and use of the interface and the adap-
tation of the arm support. The safety foot pedal had to be pressed continuously and
restricted the radius of operation of the therapist during the test session and an alter-
native solution was desired. Therefore, an additional hand-hold switch solution was
recently added. When using the ChARMin prototype, the foot pedal and the switch
are critical safety features and either of it has to be pressed continuously to ensure
that the therapist can stop the robot immediately at any point in time.
The main reason for interaction with the robot was to hold the robot in place when
the foot pedal was released and to avoid that the robot impacts the mechanical end
stops, furthermore, to instruct movements during the session.
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vi. Assessments

The total duration of the assessments was 30 min, 25 min, and 40 min, including the
RPM time for the calibration of the robot and the restarts which were sometimes
necessary after an error occurred (e.g., ’end-effector speed too high’ during ROM,
’current mismatch error’ during STRENGTH).
The understandability for the six different assessments was rated between 4 and 10
out of 10. RPM, CIRCLE, and QOM were always rated a 10. STRENGTH was rated
4, 8, and 8, as the sequence of joints and the visual representation was not always
clear. WORKSPACE was rated with 6, 7, and 8 because of the visual representation
which was not completely intuitive for the patient. Especially the movement to the
trunk and the start position were difficult because of the depth perception needed to
navigate in the room on the screen. ROM received 8, 8, and 10 out of 10 as rating.
The duration of the single assessments was rated between 8 and 10 out of 10, with
ROM, STRENGTH, RPM, and WORKSPACE having the lower values. CIRCLE and
QOM were rated a 10.
The robot postures were given numbers between 8 and 10 out of 10. ROM was rated
between 8 and 10. RPM was rated with 5, 10, and 10. It was mentioned that the
forearm should be supinated while abducting the shoulder. STRENGTH was rated 8
and 10. It was suggested to change the posture for measuring isometric elbow torque
to be closer to the neutral-0-method position.

5.3.2 Games

After the positioning of the patient and an arm mobilization to familiarize with the
robot, different games were played with the patient. With most of the patients, the
ball game was chosen first. Following this, as many other games as possible were
played, dependent on the patient’s motivation and the time available. An overview of
the games played by the different patients is given in Tab. 5.9.

Ball Game

The ball game was chosen in the beginning of the session because of its single-axis
character. It is not very complicated to understand and gives a first impression of how
the robot interacts with the gaming environment. The ball game was often played
with the ElEx/ElFl (ID1, ID2, ID3, and ID4) and the HSAb/HSAd (ID1, ID4, and
ID5). Patient ID3 also played with the ShIR/ShER axis. The support was mostly
chosen to be around 50 %. For patient ID3, it was reduced to 15 % (Tab. 5.9). For a
more detailed analysis of the ball game, the assessment evaluation software (presented
in Sec. 4.2.2) generated plots which show the end-effector movement in space while
playing the game (Fig. 5.1). While the plots for ID1, ID4, and ID5 only show a singular
end-effector path, for ID3 (and ID2, which is not shown in the figure) the posture of the
robot was adapted during the ball game, leading to two different curved trajectories
(Fig. 5.1 b).

The score development during the ball game is given in Fig. 5.2, first column. It shows
that the patients usually hit most of the balls. A missed ball can be seen by a delayed
increase in the score, e.g., in the plot for ID1 in the beginning (Fig. 5.2 a). The second
column in Fig. 5.2 shows the joint angle of the patient (blue line) and the desired angle
where the ball will hit the bottom of the inclined plane (black line). The time point
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5.3. RESULTS

Figure 5.1: Example of the ball game play for the patients ID1, ID3, ID4, and ID5.
The figures show the end-effector paths (colored circles) together with a simple human
head and trunk model and the arm posture at recording onset (blue line). (a) The
gray lines show the 3 projections of the end-effector path onto the xy-plane (frontal
projection), yz-plane (side projection) and xz-plane (ground projection). (b) The plot
of patient ID3 shows an adaptation of posture during the test session. The pressure
is color-coded from blue to red, where red is always the maximum pressure which was
applied. Patient ID3 was applying no pressure to the handle and only small noise
was measured. The discretization of the noise values resulted in either a red or a blue
circle. For a better understanding of the frontal projection, the shoulder position is
projected to the frontal plane as well. The shoulder position lies on the intersection
point of the dotted horizontal and vertical line in the frontal plane. (c) Patient ID4
and (d) patient ID5 played the ball game with axis1. The HSAb/HSAd movement
leads to a curved ground projection while the side and front projections are only lines.
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when the ball hits the bottom is indicated by a black circle. The red line represents
the ball height. The ball starts falling from 1 and decreases the height till it hits the
bar at 0. When the ball height is further decreasing to the negative region, the ball
was missed.

Whack-a-mole

The whack-a-mole game was played by patient ID1, ID3, ID4, and ID5. The robot was
not providing support to the patient’s arm movement. Detailed plots for the patients
playing the whack-a-mole game are shown in Fig. 5.3. Patient ID1, ID3, and ID5
played the game with nine holes on the table where a mole can appear. This pattern
can be detected in the locations where the pressure handle was pressed by patient ID3
(Fig. 5.3 b). For the other patients who played the game with nine holes (Fig. 5.3, a
and d). The game was tested in the single-axis mode with patient ID4 (Fig. 5.3 c),
assuming that the patient might be able to generate enough force to play in a small
range. Finally, the therapist moved the joint and the patient tried to hit the mole by
pressing the pressure bulb. For analyzing the score development, it is important to
know that the software allowed to hit the mole several times when the handle stayed
pressed. Therefore, patient ID4 reached a high score (Fig. 5.3 c) even though she was
not hitting more moles than, e.g., patient ID3 (Fig. 5.3 b).

Diver

All the patients played the diver game. The support varied from 0 % to 71 % (Tab. 5.9).
The detailed end-effector paths are shown for Patient ID1, ID2, and ID5 (Fig. 5.4 a - c).
The score can be increased by shooting treasures (500 points) and bonus objects (1000
points) appearing on the screen or by shooting pirate fishes (150 points), air bubbles
(100 points) and obstacles (250 points). However, only shooting the pirate fish and the
obstacle is actively supported. When the support mode is switched on, the diver and
the scenery stop when a pirate fish or obstacle are getting close and the robot supports
towards the target. Collecting the treasure or shooting the pirate fish is performed by
applying pressure to the hand bulb. This can be seen well for patient ID1 (Fig. 5.4 a)
with the distinct regions where pressure is applied (red circles). Patient ID2 could not
apply a lot of force on her own. The robot mostly moved the arm leading to smooth
arm movements (Fig. 5.4 b).

Airplane

The airplane game was played by patient ID1, ID3, and ID5. However, the recording
for patient ID1 was too short. The measurement for ID3 was not saved correctly.
Patient ID2 and ID4 have not played the game as there was no support provided.
Detailed plots of the end-effector movements of patient ID1 can be found in Fig. A.21
(Appendix A.5.2).

Tennis

The tennis game was played by patient ID3, ID4, and ID5. For patient ID1 the mea-
surement was too short. Dependent on the patient different amounts of support were
used. While patient ID4 sometimes had full guidance with 100 % support, patient
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Figure 5.2: Example of the ball game score and the joint movement for patient ID1,
ID4, and ID5. The left column shows the game score development and the right column
shows the desired angle position (black) and the current joint angle (blue). The red
line represents the ball height, where 0 is the impact of the ball with the bar (when
hit). (a) Patient ID1 had just enough support (54 %) to get close enough to the ball
to hit most of the balls (trial 1). (b) Patient ID4 shows very good tracking of the ball
with almost the same support (50 %) as in (a). (c) Patient ID3 had 46 % support and
hit most of the balls.
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Figure 5.3: Example of the whack-a-mole gameplay for ID1, ID3, ID4, and ID5. (a)
The first plot shows the end-effector path of patient ID1. The locations where the
patient pressed the handle are shown with the red circles. (b) The second plot shows
the end-effector path of patient ID3 (trial 4). (c) Patient ID4 played the game in the
single-axis mode. The therapist mostly moved the joint. (d) Patient ID5 showed less
distinct pressure spots and hit fewer moles as seen from the score development.
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Figure 5.4: Example of the diver game played by ID1, ID2, and ID5. (a) The first plot
shows the end-effector path of patient ID1 during the diver game with 70 % support.
Objects are collected or shot in the game by applying pressure to the handle. This can
be seen by the single red circles in the plot. (b) The second plot shows the trajectories
of patient ID2 with 71 % support. This patient had a problem applying pressure to the
handle and the movements are mostly performed by the robot, leading to the smooth
trajectories. (c) The last plot shows the end-effector path of patient ID5 with 0 %
support playing for quite long time (341 s).
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ID5 only needed 21 % support, and patient ID3 played without support. The effect
of the different amounts of support on the movement can be seen in the end-effector
path figures (Fig. 5.5). Patient ID4 first played the tennis game with 100 % support
(Fig. 5.5 a). The robot was completely guiding the movement to hit the approaching
tennis ball. After the therapist had realized that the movements are rather small, he in-
creased the workspace. The resulting movements covered more workspace (Fig. 5.5 b).
To provoke an active participation, the position controller was changed to the AAN
path controller with 60 % support. This led to higher variations in the end-effector
movements (Fig. 5.5 c). For patient ID5, the AAN path controller was used with 21 %
support allowing quite high variations in the performed movements (Fig. 5.5 d).

Spaceship

All the patients played the spaceship game except for patient ID2. The support chosen
varied between 0 % and 70 %. The task is to collect blue objects in space while flying
with a spaceship. The spaceship flies with constant speed and is controlled by the
robot end-effector position. Obstacles in space increase the difficulty of the game. De-
tailed plots of the end-effector movements and the score development can be found in
Fig. A.22 (Appendix A.5.2). Compared to the other games the workspace is smaller.
The game was usually played with the standard settings where the targets to be hit
are quite close together leading to a lot of short movements.

In summary, the patients mostly liked the games played with the robot. Especially the
diver, whack-a-mole, and spaceship game were enjoyed. The diver and the spaceship
game were also rated as suitable for the patient. The airplane and the whack-a-mole
game were not actively assisted by the robot. The therapists required that the support
is extended to these games.

5.3.3 Robot-Assisted Assessments

Three out of the five patients who participated in the feasibility trials performed ses-
sion B, i.e., the robot-assisted assessments. For patient ID4, it was planned to do the
pROM and resistance measurements of the robot. However, the patient could not be
motivated. For the other participants, the six assessment packages were performed
twice. The assessments were all carried out by a single occupational therapist. The
applicability of the assessments was rated by the therapist who conducted the assess-
ments. The ratings ranged between 0 and 10 and are given in the following sections in
brackets for the three different patients (ID1, ID3, ID5).

ROM

Applicability No problems were reported during the application of the ROM as-
sessment. The understandability (8, 10, 8), duration (8, 8, 8), and robot posture (7,
10, 8) were rated quite good by the therapist performing the assessments. No specific
adaptations of the ROM assessment were yet required by the therapists.

Parameters assessed The three patients who performed the assessments had only
mildly affected arm functions and, therefore, almost exclusively reached the mechanical
limits of the robot during the aROM assessment. Passively the same range was covered.

160



5.3. RESULTS

-0.4

-0.2

0

0.2

-0.4

-0.2

0

-0.4

-0.2

0

0.2

-0.4

-0.2

0

0.2

-0.4

-0.2

0

-0.4

-0.2

0

0.2

-0.4

-0.2

0

0.2

-0.4

-0.2

0

-0.4

-0.2

0

0.2

-0.2

0

0.2

0.4

-0.4

-0.2

0

-0.4

-0.2

0

0.2

ID4, 100% support ID4, 100% support

ID4, 60% support ID5, 21% support

Smaller workspace Wider workspace

x

x x

x

y

y y

y

z

z z

z

a b

c d

Figure 5.5: Example of the tennis game played by the patients ID4 and ID5 with
different amounts of support. The first two plots show the end-effector path of patient
ID4 during the tennis game with complete guidance in (a) a small workspace and
(b) a wider workspace. (c) End-effector path of patient ID4 using the AAN path
controller with 60 % support. (d) Patient ID5 played with 21 % support leading to
more variations in the end-effector movement.
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Except for the ElPr and WrEx range, which were slightly higher in the passive mode
compared to the active condition. The aROM and pROM of the three patients are
summarized in Tab. 5.10. An example of the evaluation plot is given for ID1 for the
first test (Fig. 5.6).
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Gravity support 5.2%
Gravity support 5.2%
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[◦
]

Passive
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Figure 5.6: Exemplary ROM plot from the first assessment of patient ID1. The me-
chanical limits of the robot were mostly reached. The active and passive ROM are
almost identical except for ElPr and WrEx.

ID1 ID3 ID5 ID1 ID3 ID5

t1 t2 t1 t2 t1 t2 t1 t2 t1 t2 t1 t2

Active ROM [◦] Passive ROM [◦]

HSAb 86 92 93 94 93 94 93 93 93 93 93 92

HSAd -8 -9 0 -8 -8 -9 -8 -8 1 -8 -8 -7

ShFl 127 128 128 129 128 129 127 128 128 128 128 128

ShEx 60 55 58 58 65 57 58 56 58 57 65 57

ShIR -32 -32 -30 -31 -31 -29 -31 -29 -29 -30 -31 -29

ShER 68 68 67 68 67 66 68 66 66 66 67 66

ElEx 3 5 4 4 5 9 3 4 4 4 5 4

ElFl 117 117 116 116 116 116 117 116 116 116 116 116

ElPr -62 -15 -33 -36 -50 -28 -73 -47 -43 -56 -50 -68

ElSu 87 84 84 86 84 54 84 84 84 84 84 84

WrFl -62 -63 -63 -67 -62 -62 -62 -61 -63 -62 -62 -62

WrEx 40 30 63 65 27 21 59 40 62 62 27 34

Table 5.10: Active and passive ROM of the three measured patients (ID1, ID3, and
ID5). For each patient, the assessments were performed twice (t1 and t2).
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WORKSPACE

Applicability Before testing the three patients, the decision was taken to measure
only the continuous WORKSPACE to reduce the total time for the assessments, as
the discrete WORKSPACE assessments can take up to 5 min. No problems were
reported during the application of the continuous WORKSPACE assessment. The
understandability (6, 7, 8), duration (-, 8, 8), and robot posture (-, 10, 10) were rated by
the therapist performing the assessments. The lower ratings in the understandability
are attributed to the visual representation of the assessment where it happened that
the target wall disappeared when moving too far in a certain direction. However, this
has not changed the fact that the patient had to move as far as possible to the indicated
range. In a next release, this needs to be improved.

Parameters assessed The main outcome of the WORKSPACE assessment is the
cubic volume achieved after reaching in all the six different directions. The resulting
volumes are given in Tab. 5.11 and the detailed output parameters are plotted in
Fig. 5.7 for the second test of patient ID1. While the assessment primarily measures
the workspace, the other parameters such as the number of peaks, maximum speed
etc. were recorded for further analysis of the movements performed.

ID1 ID3 ID5

t1 t2 t1 t2 t1 t2

WORKSPACE assessment

Volume [m3] 0.177 0.179 0.099 0.102 0.073 0.095

Table 5.11: Continuous WORKSPACE (for both tests) of the three measured patients
(ID1, ID3, and ID5). For each patient, the assessments were performed twice (t1 and
t2).

QOM

Applicability No problems were reported during the application of the QOM as-
sessment. The understandability (10, 10, 10), duration (10, 10, 10) and robot posture
(10, 10, 10) were all given the best rating by therapist performing the assessments.
The target distance was fixed to a distance of 0.1 m from the starting position. The
start position was chosen to be at (x=0, y=0, according to the convention in Fig. 3.2)
which is in front of the shoulder joint. For patient ID3, the target region was increased
to 0.03 m instead of 0.01 m as it was difficult to impossible for him to stay steadily and
precisely on the target position because of his ataxic CP. ID1 reached the end-effector
speed limit two times, however, the assessment could be continued.

Parameters assessed The parameters assessed encompass the D-P ratio, the preci-
sion on the target position, the number of speed peaks, the time needed to move to the
target, and the reaction time to leave the start position (Tab. 5.12). The movement
paths to the target and start position are illustrated in Fig. 5.8. The paths to and
from the different targets are shown in different colors to better differentiate the paths
when several are overlapping. A detailed analysis of patient ID3 (test 1) can be found
in Fig. A.24 in Appendix A.5.3.
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Figure 5.7: Results for the continuous WORKSPACE assessment for the second test
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ID1 ID3 ID5

t1 t2 t1 t2 t1 t2

QOM assessment values

D-P ratio to target [ ] 1.24 1.50 1.41 1.20 1.48 1.93

D-P ratio to start [ ] 1.40 1.30 1.36 1.24 1.63 1.85

Precision [m] 0.010 0.009 0.007 0.007 0.016 0.017

Number of peaks to target [ ] 32.9 30.5 33.7 36.9 24.6 28.7

Number of peaks to start [ ] 25.4 29.1 27.9 30.5 19.8 28.3

Time to target [ms] 1634 2000 1902 1568 1646 1881

Time to start [ms] 1681 1735 1604 1503 1411 1747

Reaction time to target [ms] 611 598 613 573 772 846

Reaction time to start [ms] 615 606 668 673 748 1086

Table 5.12: Mean values for all the 8 targets and both rounds. QOM assessment (for
both tests) of the three measured patients (ID1, ID3, and ID5). For each patient, the
assessments were performed twice (t1 and t2).

STRENGTH

Applicability No major issues were reported for the STRENGTH assessment. The
understandability (8, 4, 8), duration (8, 8, 9), and robot posture (-, 8, 10) were rated
by the therapist performing the assessments. The reason for the lower ratings is the
understandability of the assessment interface, which needs some time to be under-
stood correctly. For patient ID3 and ID5, the assessment could be performed without
problems. Patient ID1 was performing the assessments with his mildly affected, strong
right arm. Two times a software error forced a restart of the interface. The exoskeleton
withstood the forces applied, but the forces seem to be at the higher end of what the
robot can handle. Especially the parallel kinematics of axis 3 and axis 6 seemed to
start bending at these high forces. The torques of the motors were high enough to hold
the position. For the strength assessment, the motors can currently apply a short-time
double overload for all the axes. For the large distal module, this results in roughly
36 Nm, 45 Nm, 24 Nm, 18 Nm, 16 Nm and 13 Nm for the axes 1 to 6, respectively (based
on the values for the large distal module, Tab. 2.4). These limits show that the elbow
torque which can be resisted was already exceeded. However, the robot joint was not
moving. Therefore, the joint friction and the short-time application of the torque by
the patient may have prevented a joint movement.

Parameters assessed The parameters assessed during the STRENGTH measure-
ment are listed in Tab. 5.13. A detailed plot for the STRENGTH measurement of
patient ID1 in all the six joints in the two directions is shown in Fig. 5.9. The green
blocks show the recording windows in which the maximum of the filtered joint torque
was taken as STRENGTH measurement, indicated with a red cross in the plots.
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data.
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ID1 ID3 ID5

t1 t2a t1 t2 t1 t2

STRENGTH joint torques [Nm]

HSAb 29.05 22.34 13.40 13.68 29.88 19.79

HSAd -24.54 -22.75 -25.65 (-2.58)c -20.36 -20.49

ShEx 14.93 10.61 (16.76)b 20.57 16.51 17.93

ShFl -33.08 -17.29 -34.28 -33.88 -35.93 -32.11

ShER 21.60 12.93 11.50 13.24 (6.38)c 13.17

ShIR -13.68 -7.42 -20.89 -18.03 -8.59 -7.51

ElEx -23.26 -24.87 -15.06 -16.34 -12.91 -12.36

ElFl 30.85 24.55 15.69 21.18 (12.93)c 22.17

ElSu -2.65 -3.72 -1.92 -1.92 - d -2.12

ElPr 5.33 4.29 1.82 1.16 (1.64)c 0e

WrEx -3.89 -1.69 -2.69 -3.34 - d (-1.96)c

WrFl 4.63 5.61 2.67 2.68 (3.42)c (2.57)c

Table 5.13: ChARMin STRENGTH torques for the three patients ID1, ID3, and
ID5. aThe measurement was conducted in the afternoon after the patient felt over in
the morning and suffered a femoral neck fracture (which was diagnosed later). bForce
applied too late when the recording was almost over. cCorrupted baseline measurement
because of the torque being applied to early. dForce applied in the wrong direction.
eNo force applied. For each patient, the assessments were performed twice (t1 and t2).

RPM

Applicability No problems were reported during the application of the RPM as-
sessment. The understandability (-, 10, 10), duration (-, 8, 10), and robot posture (5,
10, 10) were rated by the therapist performing the assessments. The lower values for
the robot posture were because of the shoulder abduction movement which should be
improved such that the movement is attended with an elbow supination. The RPM
software needed to be restarted because of different software error messages (e.g.,
’end-effector speed too high’, ’current mismatch’). The calibration was performed im-
mediately after conducting the RPM assessment to ensure the calibration is done with
the same robot settings and in the previously assessed pROM. For this, the patient
was quickly released from the robot and a pause of 5 min was taken while the robot
performed the calibration run.

Parameters assessed The ChARMin moved the arm at two different constant
speeds (10 ◦/s and 60 ◦/s) and the patient was instructed to stay passive. The re-
sulting resistance values are listed in Tab. 5.14. In Fig. 5.10, the calculated patient
torques during the joint movement are plotted for the slower speed in both movement
directions.
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ID1 ID3 ID5

t1 t2 t1 t2 t1 t2

RPM [Nm/rad] @ Speed 10 ◦/s

HSAb -3.83 -3.27 0.46 0.35 -0.16 -0.11

HSAd 0.26 6.01 2.14 -0.45 -0.32 0.54

ShFl -4.50 -0.60 -0.70 -1.84 -2.02 3.36

ShEx -1.07 -0.09 -1.84 -1.47 -0.91 1.92

ShER -0.71 -1.08 -0.48 -0.26 -0.10 -0.25

ShIR 0.36 0.01 -0.07 0.06 0.23 0.21

ElEx -0.57 -1.44 -0.19 -0.21 -1.32 -0.73

ElFl 0.54 0.86 0.31 0.62 0.16 0.93

ElSu -0.16 -0.25 -0.03 -0.14 -0.26 -0.04

ElPr 0.21 0.24 0.10 0.13 0.28 0.12

WrEx -0.33 -0.70 -0.15 -0.10 -0.78 -0.93

WrFl 0.07 0.21 0.05 0.03 0.22 0.59

RPM [Nm/rad] @ Speed 60 ◦/s

HSAb -1.15 -4.90 -0.70 -1.13 -2.24 -1.69

HSAd 0.61 5.01 1.37 -0.01 0.21 -0.81

ShFl -5.98 -8.14 -4.65 -9.21 -10.85 -8.31

ShEx 0.79 -0.20 -2.19 2.11 2.07 0.56

ShER 1.59 0.84 0.62 0.54 0.17 -0.43

ShIR -0.10 0.37 -0.02 -0.09 0.12 0.23

ElEx -1.91 -2.55 -1.09 -1.63 -1.81 -1.62

ElFl -0.21 0.40 0.19 0.10 -0.06 0.42

ElSu -0.65 -0.86 -0.63 -0.80 -0.83 -0.69

ElPr 0.16 0.25 0.03 0.11 0.21 0.14

WrEx -0.47 -0.59 -0.17 -0.02 -0.57 -1.01

WrFl 0.20 0.28 0.00 -0.00 0.32 0.69

Table 5.14: ChARMin RPM measures for the three patients ID1, ID3, and ID5. Neg-
ative RPM values indicate a resistance where the patient counteracted the movement
of the robot while a positive resistance value is measured when the patient supports
the movement of the robot. For each patient, the assessments were performed twice
(t1 and t2).
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Figure 5.10: RPM results for patient ID1, test 1, at 10 ◦/s. The plots show the joint
torque measured with (’All torques’) and without (’Calib torques’) the arm of the
patient. The difference is plotted in bold cyan (’Patient torques’). A linear model
(’Linear fit’) was fitted to this difference and the slope was used as a measure of arm
resistance.
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CIRCLE

Applicability No problems were reported during the application of the CIRCLE as-
sessment. The understandability (10, 10, 10), duration (10, 10, 10), and robot posture
(10, 10, 10) had the best rating given by the therapist performing the assessments.
For all the three assessments, the same target speed 3 was chosen which corresponds
to 20 s per round.

Parameters assessed The resulting circle end-effector paths for patient ID1, ID3,
and ID5 are shown in Fig. 5.11. The parameters measured by the CIRCLE assessment
were the ’summed difference’ which is the sum of the differences between the current
end-effector position and the moving reference position, the ’percentage in front’ which
states how often the patient moved in front of the reference position, and the ’ellipse
ratio’ which is the ratio between the shortest and the longest radius of the ellipse
which is fitted to the recorded data points. These parameters are listed in Fig. 5.15
for the three patients. A more detailed analysis of patient ID1, test 1, is presented
in Fig. A.23 (Appendix A.5.3). These plots correspond to the output plots of the
evaluation software provided for the feasibility study.

ID1 ID3 ID5

t1 t2 t1 t2 t1 t2

CIRCLE round 1

Summed difference [m] 0.25 0.24 0.24 - a 0.65 0.48

Percentage in front [%] 58 56 43 - a 60 39

Ellipse ratio [ ] 0.962 0.914 0.977 - a 0.919 0.908

CIRCLE round 2

Summed difference [m] 0.29 0.25 0.20 0.23 0.53 0.44

Percentage in front [%] 48 58 40 26 6 27

Ellipse ratio [ ] 0.923 0.958 0.957 0.918 0.911 0.884

CIRCLE round 3

Summed difference [m] 0.25 0.27 0.24 0.23 0.37 0.70

Percentage in front [%] 48 59 41 26 26 90

Ellipse ratio [ ] 0.941 0.934 0.989 0.943 0.894 0.732

CIRCLE Mean values

Summed difference [m] 0.26 0.26 0.23 0.23 0.51 0.54

Percentage in front [%] 51 58 41 26 31 52

Ellipse ratio [ ] 0.942 0.935 0.974 0.930 0.908 0.842

Table 5.15: ChARMin CIRCLE parameters for the three patients ID1, ID3, and ID5.
The reference ellipse ratio is 1. aThe patient was not on the target position when the
circular movement started. For each patient, the assessments were performed twice
(t1 and t2).
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Figure 5.11: CIRCLE results for patient ID1, ID3, and ID5 for the first assessment
session. The left column shows the three rounds which were measured while the patient
tried to follow a moving target on a circle. The right column shows whether the patient
was in front (green) or behind (red) the target reference position.
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5.3.4 Clinical Assessments

For all the patients, the clinical assessments were performed within the 7 days following
the robot-assisted assessments. The measured scores are listed in the Tab. 5.16.

ID1 ID3 ID5

NHPT Time for moving the pegs [s] 30.15 16.18 - a

BBT Number of blocks moved [ ] 49 72 30

MMT

Shoulder flexion [ ] 4-5 5 3-4
Shoulder abduction [ ] 4-5 5 3-4

Shoulder external rotation [ ] 5 5 3-4
Elbow flexion [ ] 5 5 3-4

Elbow extension [ ] 4-5 5 4
Skapula [ ] 3 5 3-4

Strength
Power grip (Jamar) [kg] 27.7 19.5 8.3

Pinch grip [kg] 7.3 6.7 4.1

ROM

Shoulder flexion [◦] 130 140 130
Shoulder abduction [◦]b 90 90 90
Shoulder ex rotation [◦] 50 90 65

Elbow flexion [◦] 130 140 140
Elbow extension [◦] 10 0 0
Elbow pronation [◦] 70 80 80
Elbow supination [◦] 80 100 90

MAS
Ashworth elbow ex [ ] - c 0 1+
Ashworth wrist ex [ ] 0 0 0

Table 5.16: Results of the clinical assessments for the right arm side of the patients
ID1, ID3, and ID5. aNot assessed because of strong ataxic movements. bThe shoulder
abduction is not measured higher than 90 ◦ by the therapists in the robotic group,
Affoltern a. A. cNot measured because the patient was not able to keep his arm
passive.
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5.4 Discussion

The aim of these preliminary trials was to show the feasibility of the ChARMin robot.
Five patients participated in session A (Robot settings, handling, comfort and game
testing) and three patients in session B (Robot settings and robot-assisted assess-
ments). For patient ID2 and patient ID4, the robot-assisted assessments were not
testable (child not compliant to perform tests). In general, all the children and youths
could be successfully positioned in the robot and were able to use the different training
modes.

5.4.1 ChARMin Applicability and Settings

The target group of ChARMin is 5- to 18-year-old children. The five patients who
tested the ChARMin robot were aged 5.9 to 17.1 years and were, therefore, optimal
to test the limits of the approved range.
The five patients could be well positioned in the ChARMin robot in an acceptable
time. The initial positioning took 5-10 min. This time is further reduced once the
robot length settings are known. The time needed for the change-of-side and the ex-
change of the distal module was also rather short (for a trained user). The youngest
patient reached the lower limit for the shoulder height and the hand scale and was close
to the possible minimum. The older patients were still in the lower range of the length
settings. The reason is that the large distal module covers the range up to the 95th
percentile of the arm anthropometry of an 18-year-old healthy subject. No patient was
measured who was close to the anthropometric region where the distal module has to
be exchanged (i.e., approx. 10 to 13 years of age). Hence, more data on robot settings
and corresponding arm lengths has to be collected before a criterion can be defined
which determines the distal module that has to be applied for a given patient. This
criterion could depend on age, gender, arm anthropometries, or other markers and will
probably decrease the time for the patient positioning by simplifying the choice of the
correct distal module.
The first tests with the therapists and the patients revealed that, for patients with
enough trunk stability, a standard chair with small back can be used for therapy
with ChARMin without collisions. However, for wheelchair-bound children, collisions
can occur between the robot and the wheelchair (as illustrated in Fig. A.25, Ap-
pendix A.5.6). Therefore, it is planned to adapt the backrest and armrest of two
differently sized wheelchairs (for younger and older children) to avoid collisions (un-
modified wheelchairs shown in Fig. 5.12 a). As a consequence, the wheelchair-bound
child has to be transferred from its wheelchair to the adapted ChARMin wheelchair.
While some patients are regularly transferred to a specialized chair for upper extrem-
ity therapy anyway, for other children this transfer will produce additional effort for
therapist and patient.
It was observed that the shoulder position had to be corrected several times during
the ChARMin test session. The added sensor-based feature to detect wrong shoulder
positioning (indicated with a warning prompt in the bottom right corner of the screen,
Fig. 2.18) was currently not used as a feedback feature. Mostly, because the therapists
were too focused on the game and assessments, the settings, the patient’s movements,
the motivation of the child, the observation of the robot movement, etc. However, the
therapists think that the feature will be used, once the therapists are more familiar
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with the robot and have more capacity to focus on this feedback.
Patients with little grasping force or spastic hands could be correctly positioned with
the handle, however, had problems with the hand slipping off the rubber bulb during
the test session (e.g., patient ID1 and ID4). This slipping off can occur either in the
direction of the elbow (e.g., when retracting the shoulder) or to the top of the handle.
An occupational therapist had the idea to add a disk on top of the pressure handle to
avoid slipping off the handle when flexing the elbow (Fig. 5.12 for the (b) large and
(c) small distal module). The concept will have to be tested with patients.
The questionnaire revealed that the ChARMin robot covered the therapeutical goals
to train shoulder and elbow in the five patients. Mobilization of the arm was rated to
be important in three patients. The pressure handle restricts finger training (except
finger flexion) and the hand can not be fixed. Here, an active module for opening
and closing the hand might be a good solution (a first prototype was designed earlier,
Appendix A.2.1).
For the patients ID3 and ID5, the active support from ChARMin was not help-
ful, because these patients had enough function to perform the games on their own.
ChARMin could still be used for the test session, but without support or only grav-
ity support. However, this can also be trained with other less complex rehabilitation
robots such as the YouGrabber or the ArmeoSpring.
The transparency of the exoskeleton is crucial to not disturb the patient’s arm move-
ment during the robot-assisted assessments, but also to move the arm while using the
AAN path controller. This performance depends heavily on the quality of the compen-
sation model of the robot. In the feasibility trials, stick-slip effects were observed (e.g.,
during the CIRCLE assessment in Fig. 5.11). These effects are very difficult to model
reliably. If this turns out to have a bad influence on the quality of the assessments
or the movement of the patient, force/torque sensors need to be mounted (dummies
already foreseen) to measure even small interaction forces and, therefore, to increase
the robot’s transparency.
The usability of the ChARMin interface was considered good. The number of software
errors occurring needs to be further decreased before the extensive feasibility study
will start.
The interface would benefit from an avatar in the mobilization mode. A virtual reality
interface showing the avatar arms could trigger the mirror neuron system by imagi-
nation [277] and imitation [278] of the arm movement and, as a consequence, increase
the activity in the motor control areas.

5.4.2 Games

The five patients who tested the ChARMin robot built a trial group with male and
female children, affected on the left and/or the right arm and with different severity of
arm impairment. Thanks to this very heterogeneous group, the different settings and
limits of the games and the assist-as-needed controllers could be tested. The patients
ID2 and ID4 needed a lot of support and tested amongst others the complete guidance
while the others played the games with less or no support. In general, the game
difficulty and the active arm assistance could be adapted well to the capabilities of
the different patients. Furthermore, the children and adolescents enjoyed playing the
games. The movement mean speed showed a tendency to be higher for less supported
movements. The highest speeds were achieved for the whack-a-mole game with no
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a b c

Figure 5.12: Addressing the ChARMin shortcomings by (a) adapting wheelchairs and
(b) adding a slide-off protection disk to the handle of the large and (c) the small distal
module.

support (in the patients who did not need a lot of support). The lowest speeds were
reached during the completely guided tennis game. However, the mean speed also
depends on the workspace chosen.

Ball game The ball game was played by all the children with different joints, depen-
dent on the therapy goals of the individual patient. The range could be well adjusted
using the calibration routine and ranged from 43 ◦ to 79 ◦ (Tab. 5.9). The support was
adapted from 15 % to 80 % for the different patients. The posture to play the game
was chosen by the therapist and was adapted during the game when desired (e.g.,
for patient ID3 in Fig. 5.1). The therapist required no changes with respect to the
interface or the provided single-axis support.

Whack-a-mole The whack-a-mole game was played by all the patients (Tab. 5.9).
For the patients with more severely affected arm function (patients ID2 and ID4), the
therapist moved the robot and the patient pressed the handle to hit the mole. The
patients enjoyed the game very much. However, active support for the arm movement
is required and needs to be implemented before the ChARMin feasibility study starts.
Potentially, a haptic table could be used to slide on and prevent that the patient
gets tired. The game scoring algorithm needs to be improved to make it comparable
between the patients.

Diver All the children played the diver game and liked it a lot. The support could
be adapted intuitively, however, active support should be available for more targets.
Currently, only the movements towards the pirate fishes and the obstacles (stone) are
supported. Additionally, the reaching for the air bubbles (to refill the air tanks and
extend the gameplay) could be supported. This would increase the covered workspace
for more affected children. The reaching for the treasures is not actively supported for
now as they are seen as motivational bonus objects to provoke active participation.

Airplane The airplane game was only played by two patients (ID3 and ID5). The
two patients liked the game. It was stated by the patient and the therapist that the
game is visually rather challenging to understand how the obstacles can be avoided.
The saving of the log files needs to be improved as several files were not saved correctly.
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The active robotic support needs to be extended to this game. The snap-grid controller
is a possible concept which could be implemented and tested (discussed in Sec. 3.4.3).

Tennis The tennis game was played by four patients and support ranging from 0 %
to 100 % (Tab. 5.9). The game can be played with nonstop complete guidance where
the patient’s arm is moved to the position where the racket has to hit the next tennis
ball (compared to, e.g., the diver game where the complete guidance is only switched
on when a pirate fish or stone is appearing). This feature was used for patient ID4.
The movements are mostly in a horizontal workspace (Fig. 5.5) and do not intensively
train movements in shoulder flexion and extension.

Spaceship Four patients played the spaceship game with support ranging from 0 %
to 70 %. The spaceship game is the second game which can be performed with nonstop
complete guidance of the arm by ChARMin. However, 100 % support was not chosen
during the first trials. The movements only covered a small workspace in front of the
patient (Fig. A.22). The problem is, that the standard settings for the game place the
targets very close together. This setting was not adapted to the patients. Widening
the distance between the objects on the screen would increase the workspace and the
mean speed of the arm movements.

5.4.3 Robot-Assisted Assessments

The six different robot-assisted assessment packages were applied to three patients
(ID1, ID3, and ID5). The patients were mildly to moderately affected. This lead
to saturation effects in the ROM assessment and challenged the hardware during the
STRENGTH assessment. However, all the assessments were conducted twice with each
patient with only minor issues concerning the understanding of the assessment and a
couple of software errors.

ROM

The three patients, who only had minor impairments of their arms, almost exclusively
reached the software end stops of the robot in both, the active and passive, ROM
(Tab. 5.10). The very small differences in the angle measurement originate from
the impact on the elastic virtual joint wall which happened at various speeds for the
different patients. Differences between the aROM and pROM could only be detected
for elbow pronation and wrist extension. This matches the findings from the adult
ROM assessments stating that the ROM is only useful for moderately to severely
affected patients who do not reach all the mechanical limits (Sec. 4.1.4).

WORKSPACE

For all the three patients, the WORKSPACE assessment was applied in the continuous
mode. This is based on the adult assessments suggesting that the continuous increase
of the room decreases the assessment time (Sec. 4.1.4). Patient ID1 reached the
largest workspace volume with a mean of 0.178 m3. The average workspace volume
for the other patients was much smaller with 0.101 m3 and 0.084 m3. The assessment
outcomes from the two sessions are close together for all the three patients, pointing
out a good repeatability of the measurement. The absolute workspace measurement is
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dependent on the arm length of the patient, i.e., a patient with longer arms can reach
a larger volume while having the same joint range as a patient with shorter arms. A
possible standardization would be to output the volume in percentage of the reachable
volume (i.e., the volume which potentially can be reached with the given arm length
and the maximum joint range of the robot). For this, the ARW measurement could
be a possible tool to calculate the maximally reachable volume (as used for the adult
robot-assisted assessments).
The ratings for the understandability revealed that the visual representation of the
assessment should be improved to make it more intuitive. Possible changes are arrows
indicating the direction to move to or an improved depth perception to reach the start
position.
Lastly, the patient’s movements to the bottom target wall have to be supervised by
the therapist, as the patient can hit the chair or the leg when moving downwards in
front with a completely stretched arm.

QOM

In the adult robot-assisted QOM assessment, the position of the targets was dependent
on the previously assessed workspace levels. For the three youths, the target distance
was fixed to a distance of 0.1 m for better comparison between the patients. The
understandability, duration, and robot posture had the best possible rating for all the
patients.
The parameters are difficult to compare to each other as patient ID5 had an increased
target radius to be able to perform the assessment. Patient ID1 and ID3 had similar
values for D-P ratio, time to target and reaction time. The precision was slightly better
for ID3 and the number of peaks was slightly higher. No conclusions can be drawn, or
trends be seen for the repeatability of the measurements.
More parameters could be computed from the raw sensor values such as the mean
speed, peak speed or other smoothness metrics.
For reaching target number 3 at the bottom, a problem was observed for patient ID1
as visually the target and the current position could be superimposed, but the end-
effector was not on target, because of the end-effector position being saturated at the
screen frame. This needs to be improved for the future assessments.
For the first three patients, the QOM, as well as the CIRCLE recording, were always
started from the beginning of the assessment. In order to improve the assessment,
the first round (CIRCLE) or the first targets (QOM) should be excluded from the
evaluation.

STRENGTH

The STRENGTH assessment was applied to all three patients. The measurements of
the patients seem to be mostly repeatable (Tab. 5.13). The three patients were all
very strong and applied joint torques close to the limit of the robot exoskeleton (espe-
cially patient ID1 during elbow flexion and extension). In the possible case that even
stronger patients use the robot’s STRENGTH assessment, a torque limit should be
defined where the robot saturates the resisting torque for the measured axis to protect
the robot mechanics.
A problem occurred with patient ID1, who did not feel very well at the second
STRENGTH testing after a fall he had in the morning. Later, a femoral neck fracture
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was diagnosed. The data was listed anyway. It shows that most of the STRENGTH
values are decreased compared to the day when he felt good, indicating that the assess-
ment potentially can detect a change in the test condition and pointing to a sensitive
assessment.
The force measurement of patient ID5 showed shortcomings with the understanding
of the direction the force needs to be applied. Moreover, the timing of the assessment
needs to be further improved. For the assessments the therapist used an interface
button to start the recording of the measurement. The time window between 3 s and
1 s before the recording was taken as the baseline. However, some patients were not
completely passive during this period (e.g., WrFl or ShIR of patient ID1 in Fig. 5.9) or
during the elbow and wrist measurements in patient ID5 (Tab. 5.13). The instruction
for the patient should possibly be improved.

RPM

The RPM assessment is performed in the pROM of the patient. Therefore, the RPM
covered the almost identical range for the three patients measured. The assessment is
rather intuitive as the robot performs all the movements for all the joints consecutively
while the patient is instructed to keep the arm passive. No problems occurred during
the assessment.
The RPM measurements of the two assessment sessions varied a lot for the three
patients. Some joints show better repeatability than others (e.g., WrEx/WrFl for the
lower speed or ElPr/ElSu for the fast speed) but no further conclusions can be drawn
from this preliminary set. The patients had to be remembered to stay passive several
times during the RPM assessment. A possible explanation of the variability could,
therefore, be a non-passive patient.
It can be observed from the resistance data (Tab. 5.14) that the values for extensor
movements were permanently higher than the ones for the flexor movements for the
higher joint speed. However, no explanation was found for this trend.
The calibration routine was always run immediately after the RPM assessment to use
the same pROM for both measurements. The software needs to be improved to be
able to load old pROM settings and to perform the calibration later after the therapy
session.

CIRCLE

The CIRCLE assessment was by far the shortest assessment. Furthermore, it received
best ratings for the understandability and the robot postures.
The summed difference values show a good repeatability for the two tests performed.
For the other values, the variability is higher. Patient ID5 had the most affected arm
motor functions with ataxic movements. This is reflected in the much larger summed
difference and the reduced ellipse ratio. The ’percentage in front’ parameter had high
variability in patient ID5 but this effect was averaged in the mean values. Analyzing
the variation of the time in front and back of the reference could offer more information
about the patient status.
More assessment parameters for inter-joint coordination could be assessed, e.g., by
analyzing the contribution of the different joints to the resulting circle movement at
the end-effector. As the depth coordinate is not restricted, the assessment could be
performed with shoulder only or with elbow and shoulder internal/external rotation
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only. The contribution of the different joints to the end-effector movement could give
more insights into the coordinative motor functions.

General Comments

Currently, the assessments took 25 - 30 min which is rather long and the patients
might become unmotivated. The assessment time for the patient might be reduced by
performing the RPM calibration after the therapy, by improving the procedure of the
single assessments, by increasing the speed in which different postures are reached or
by skipping joint measurements which are not clinically relevant. The latter will have
to be further analyzed after testing more patients with the ChARMin robot.
Two arm postures were required to be adapted (feedback from the therapists). The
forearm needs to be supinated when abducting the shoulder higher than 90 ◦ during the
RPM assessment. Furthermore, the exoskeleton posture during the elbow STRENGTH
measurement has to be closer to the neutral-0-method.
CIRCLE, QOM, and WORKSPACE are played in the compensation mode. While
most of the gravitational and frictional effects are compensated there may still be
forces disturbing the arm movement such as static friction or dynamical effects of the
robot. Even though the questionnaire pointed out that the robot could be moved
well, there are certain effects in the resulting plots which look like stick-and-slip effects
which may come from interaction torques with the robot.
For patients who are aged between 10 and 13 years, both distal modules can potentially
be applied. Here, it would be interesting to evaluate the assessments with both distal
modules to analyze the influence of the hardware on the assessed parameters and could
help to decide, whether the device needs to be more transparent.

Comparison to Clinical Assessments

In this feasibility trial, the robot-assisted assessments and clinical assessments were
only tested with three patients. This low number does not allow for a powerful anal-
ysis between the two assessment groups. Nevertheless, some aspects and trends shall
be considered in the following.

STRENGTH and MMT had a very good correlation in the ARMin assessments with
SCI patients (4.1.3). No patterns could be observed in the three youths measured.
The group was too small and diverse. However, the group of children measured with
ChARMin will probably always be very heterogeneous in terms of impairment, age,
and sex. For the MMT, the therapist measures the arm strength with respect to the
patient impairment, age, and sex and the assumed maximum force of the measured
patient. In contrast, the STRENGTH measurement is an absolute measure of the
arm torque. Therefore, a score of 5 in MMT (e.g., in elbow flexion for ID1, ID3) can
correspond to quite different torques in STRENGTH (27.7 Nm and 18.4 Nm). This
effect was not further analyzed for the adult robot-assisted assessments, as there were
mostly men (4/5) with similar impairments. To turn the STRENGTH assessment in
a relative measurement, norm values are needed for patients of different impairment,
age, and sex. ChARMin has the potential to provide a first set of norm values after
the planned feasibility study.
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The assessment scores for the BBT and NHPT show a first trend to correlate with the
’summed difference’ from the CIRCLE assessment, as well as with the QOM precision
and QOM D-P ratio. These trends have to be considered cautiously, as the assessment
was slightly different for patient ID5 with the increased target size.

The elbow extension of patient ID5 was scored a 1+ on the MAS. The RPM assessment
showed a clear resistance in the elbow extension joint. However, the other patients
showed similar resistance (Fig. 5.14, @ 60 ◦/s) and were not rated to have a stiffness
in this joint (only ID3 could be measured with the MAS for elbow extension). More
norm values from healthy subjects and patients are needed to analyze the measured
resistance values.

The measured volume in the WORKSPACE assessment shows a trend to correlate with
BBT and NHPT. However, the two assessments do not measure the same arm function.
While the WORKSPACE measures the reachable cubic volume in front of the patient,
the BBT measures grasping and transportation skills. The NHPT measures fine-motor
manipulation, selective finger movements, and transportation. The only assessments
which has traits of the same arm function as in WORKSPACE is the ’Schürzengriff’
(patient is asked to place their hand behind their back) and the ’Nackengriff’ (patient
is asked to place their hand at the back of the neck) which are measured in the standard
clinical routine. These tests only give categorical data of the successful performance of
the movement. All the three patients who took part in the robot-assisted assessments
were able to fulfill both tasks. Therefore, no conclusions can currently be drawn from
the comparison of the WORKSPACE assessment with the clinical scores.
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6 Conclusion and Outlook

6.1 General Conclusion

This thesis presented the development and first clinical implementation of the new
pediatric arm rehabilitation robot ChARMin. The robot was developed to provide
an intensive, activity-based, and task-oriented exercise tool for neurorehabilitation
training that optimally challenges children with moderately to severely affected arm
motor function aged 5 years and older. Different aims were stated in the introduction
(Sec. 1.5.2) and were subsequently addressed in the four different main chapters of this
thesis. Here, the four chapters are listed again together with the according aims and
concluding remarks on whether they were reached.

6.1.1 ChARMin Robot

Aim: Design and realization of an active child-specific arm rehabilitation
robot hardware which is safely applicable to the anthropometric range of
the pediatric target group and an audiovisual interface to motivate an ac-
tive participation of the child during the therapy.
In the ChARMin chapter, the development and realization of the ChARMin arm robot
was described. The robot was built according to the clinical and technical requirements
stated in the beginning of this thesis. The challenging requirements could be met with
a modular design which includes serial and parallel kinematic structures to achieve
a highly adjustable and safe exoskeleton robot design which can be applied to pedi-
atric arm rehabilitation and covers the anthropometric range of children aged 5 years
and older with arm motor impairments. An immersive game-like audiovisual interface
was integrated into the ChARMin system to provoke active participation, to feed-
back information to the therapist and the patient and to instruct and visualize the
assessments.

6.1.2 ChARMin Control

Aim: Implementation of a patient-cooperative support strategy to assist
children with different levels of impairment and with different therapy goals
during the robotic rehabilitation session.
Different controllers were introduced and discussed in this chapter to address the re-
quirements for single-joint and multi-joint movement support ranging from free arm
movements to complete guidance dependent on the impairment level of the user and
to support different therapy modes, games, and assessments. A position controller was
used to impose desired movements on the patient’s arm during the mobilization, for
completely guided movements in games or to hold postures during the assessments. To
support target-oriented movements in space, a new assist-as-needed path controller was
developed. For games on joint-level, an adaptive single-joint controller was introduced.
The single-joint controller and the AAN path controller cover the support range from a
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passive patient arm that needs full assistance to a completely active movement, where
the support is unnecessary. For movements with little or no support, the robot has to
be as transparent as possible. Therefore, an accurate compensation model was derived
for the controller which not only compensates for inertia, weight, Coriolis- and viscous
friction, but also reduces the static friction of the joints with a dithering approach.

6.1.3 ChARMin Assessments

Aim: Development of robot-assisted assessments to measure various kine-
matic, kinetic, and timing aspects of arm motor function.
Different robot-assisted assessment packages were developed and integrated into the
ChARMin interface. A first set of five assessment packages was tested in adults with
24 healthy subjects and five SCI patients using the ARMin robot. Very good reliability
and validity for the joint torque measurements was found despite the small number of
patients. Furthermore, the measurements for the reachable cubic workspace and differ-
ent quality of movement metrics showed tendencies for good intra-rater and inter-rater
reliability as well as validity. To our knowledge, this was the first study integrating
a comprehensive set of assessment packages in a single actuated robotic platform to
measure kinematic, kinetic, and timing parameters on joint and end-effector level.
Furthermore, this study presented for the first time the application of an actuated
arm robot for assessment of SCI patients. With this consideration of concept study,
the feasibility of the assessment packages could be shown. Based on the knowledge
acquired during this study, the assessment packages were adjusted and transferred to
the ChARMin robot for children. A sixth assessment package was added to assess
the tracking possibilities of the child. The developed assessment packages are a new
opportunity to measure the patient’s arm function and cannot only replace clinical as-
sessments but offer a sensitive, objective, and reliable measurement for more detailed
insights in arm motor functions.

6.1.4 ChARMin Feasibility

Aim: Test of the resulting robotic hardware, control paradigms, and assess-
ments in first feasibility case trials with children and youths with affected
arm motor function.
First clinical feasibility trials with ChARMin were conducted in the Rehabilitation
Center for Children and Adolescents (Affoltern am Albis, Switzerland). A small and
heterogeneous group of five patients aged between 6 and 17 years, different disabili-
ties (stroke, CP and TBI) and sex (3 male, 2 female) tested the applicability of the
ChARMin robot in a clinical setting on different arm sides (4 right, 1 left). The robot
could be safely applied and adjusted to all the patients’ arms with the different distal
modules and was mostly rated as comfortable. The therapists consider the handling
of the robot as intuitive but it needs some experience. The difficulty of the games and
the arm support could be intuitively adapted. Depending on the impairment of the
patient, the support was adjusted from completely guided to a free arm movement.
For each patient, the mobilization, ball game, and several other games were tested
and the patients enjoyed the training. The assessments were performed with three
patients. All the patients finished the assessments twice which took about 25-30 min
for each session. First weak trends point to repeatable assessment outcome values and
to potential correlations with the clinical assessments. The trials revealed only minor
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shortcomings which need to be addressed before the start of an enlarged ChARMin
feasibility study.
The results of these feasibility trials demonstrate a high potential of the ChARMin
robot to be used as an active arm rehabilitation tool for moderately to severely affected
children aged 5 years and older.

6.2 Contribution of this Thesis

ChARMin is the pediatric version of the adult arm rehabilitation robot ARMin. The
two robots differ in various aspects concerning the hardware, interface, control, and
assessments. A comparison of the two arm exoskeletons is given in Appendix A.2.6.
To the best of the authors knowledge, ChARMin is the first actuated exoskeleton robot
for pediatric arm rehabilitation. With the robotic technology, control methods, and
assessment strategies, this thesis can contribute to the establishment of rehabilita-
tion robotics in clinics as an assisting and assessing tool to complement conventional
therapy for children. Although ChARMin was specifically designed and built for arm
rehabilitation of children, based on the requirements from the pediatric target group,
the herein developed exoskeleton hardware, control approaches, and robot-assisted as-
sessments can also be transferred to other robotic platforms, including robots for adult
rehabilitation, or other robotic fields.

ChARMin robot The kinematic approach to increase the safety by moving robotic
parts further away from the user and the consequently developed change-of-side
mechanism and passive spring compensation mechanics are novel designs for a
safe and a user-optimized robot structure. To our knowledge, it is further the
only exoskeleton which capitalizes on a modular design with decentralized motor
control boards to easily exchange parts to adapt the robot to the user. The
developed user interface is used to access the calibration, assessments, games,
mobilization, and patient settings and exemplifies a comprehensive and intuitive
solution to operate a rehabilitation robot. The developed games and concepts
can be transferred to other platforms and robots, e.g., the interface with the
games was already tested with an ArmeoSpring and the PASCAL robot.

ChARMin control The extended path controller was successfully tested during the
feasibility trials and provides a powerful and stable algorithm to support arm
movements during targeted hand movements in space. The controller can be ap-
plied to exoskeleton as well as end-effector robots. The different control modes
need to be further evaluated to understand which patient profits most from which
kind of support. Even in adult rehabilitation studies the differential effects of a
specific control mode were rarely tested [74]. The benefits of using force/torque
sensors to reduce interaction torques between the patient and the robot was
shortly discussed. When no force/torque sensors are available, the dithering
approach was presented as a feasible solution to reduce static friction in reha-
bilitation robots. The presented Kalman filter approach gives good estimates for
the acceleration for robots with encoder position sensors only.

ChARMin assessments It was the first time that a set of extensive arm assessments
was tested within a single robotic tool. Its applicability to adult and pediatric
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children could be shown. The described methods have the potential to be gen-
eralized and transferred to other robotic exoskeleton platforms (e.g., the com-
mercial version of the ARMin robot, the ArmeoPower) or other patient groups.
WORKSPACE and QOM assessments can also be applied to end-effector robots,
such as the ACT3D [237], the GENGTLE/G [279] or the PASCAL robot [152].
By giving detailed precise instructions for conducting the assessments, we offer a
reproducible guidance for future assessment implementations into rehabilitation
robots.

6.3 General Outlook

The novel robotic technology and methods developed for ChARMin, ARMin IV, and
PASCAL open doors for new innovative, promising and visionary future directions of
research.
The first feasibility case trials with ChARMin revealed promising results for the use of
the robot as an advanced exercise tool for neurorehabilitation. The first application to
children also showed several shortcomings which will have to be addressed to achieve
a robotic system which can be used in a clinical setting with high acceptance by the
therapists who use it.
Since 1997, there have been more than 60 clinical trials reporting the use of two dozen
different robots for neurorehabilitation [74]. Most of these studies were only pilot
studies and no larger studies were performed [74]. To the best knowledge of the author,
for children, there is only a single study available which investigated robot-assisted
therapy in children on a larger scale [147]. The ChARMin feasibility study will be
conducted over the next five years and covers different subprojects (Appendix A.5.1).
This large study and the close teamwork between the therapists and researchers in the
Rehabilitation Center Affoltern am Albis, provides an optimal framework to investigate
the feasibility of the ChARMin therapy, to add substantially to the understanding of
the benefits and shortcomings of robotic therapy in children and potentially to provide
evidence of the efficacy of robotic rehabilitation training in children.
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A Appendix

A.1 Appendix of Introduction

A.1.1 Degrees of Freedom of the PASCAL Kinematics

PASCAL is an end-effector robot to support arm movements in space. The robot is
attached to the combined center of mass of the arm. The degrees of freedom at the arm
attachment point of the robot are calculated to analyze which DoFs at the interaction
point are mechanically constrained, which DoF are controllable by the robot and which
DoF are unconstrained and can be freely moved by the user.
PASCAL consists of an axis rotating the robot around the vertical axis and a four-bar
linkage (pantograph kinematics) which consists of links which are connected in a loop.
At the attachment point two more passive degrees of freedom are added (Fig. 1.9).
The Grübler’s formula can be used to calculate the number of degrees of freedom at
the arm attachment point. Therefore, the degrees of freedom of the parallel kinematics
are first calculated. All five joints from the parallel kinematic structure are one degree
of freedom joints. The parameters needed are the number of links (N = 5, including
the base), the number of joints (j = 5) and the degrees of freedom of the joints (f = 1,
as all joints are hinge joints). It follows from the Grübler’s formula

Mparallel = 3 · (N − 1− j) +

j∑
i=1

fi = 2 (A.1)

that the parallel kinematic structure has 2 degrees of freedom. In the next step, the
parallelogram structure is included in a simple open kinematic chain with the active
vertical axis and the two passive DoFs of the robot:

M = Mparallel +
k∑
i=1

factive,i +
l∑

i=1

fpassive,i = 5 (A.2)

where k is the number of active joints (here k = 1 with one degree of freedom q3)
and l is the number of passive joints (here l = 2 with one degree of freedom for each
passive joint). Therefore, the arm attachment joint has 5 degrees of freedom. Three
DoF are actuated and can be controlled by PASCAL, i.e., forces can be transmitted
to the arm of the patient. The other two DoF are passive rotational DoF. The only
DoF, which is restricted, is the rotation of the forearm (pro-/supination of the arm).
It follows that PASCAL can apply translational forces but not torques to the arm
attachment point. The patient is restricted in his forearm rotation, however, is free in
the other two rotational DoF. In other words, there is no control from the robot over
the pointing-direction of the forearm. This is illustrated in Fig. A.1.
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Figure A.1: Visualization of different arm postures that can be reached in a steady
robot posture.

A.2 Appendix of ChARMin Robot

A.2.1 Design of an Active Hand Module for ChARMin

The first prototype of the ChARMin robot is equipped with a pressure-sensitive rub-
ber bulb to detect grasping forces applied. This training can increase grasping forces
and finger flexion in the patient’s hand, however, it lacks the possibility to train finger
extension and range of motion (Sec. 5.4.1). Here, a possible design for a hand grasping
module was elaborated by Daniel Dörig in his semester thesis [174]. The hand module
was conceptualized for the smaller distal module, e.g., for children aged 5 to 13 years.
The main requirements for the active hand module were a compact, lightweight, and
safe hand module which can be applied to both hands. The module should allow a
simple hand fixation, natural hand movements, and be adjustable to the pediatric hand
sizes1. Individual finger training is no primary requirement. In accordance with the
therapists from the Rehabilitation Center for Children and Adolescents, Affoltern a.
A., Switzerland, the trained hand movement should be a power-grip like movement.
First, existing hand modules were analyzed (A summary of active hand modules is
given in Tab. 1.1, Sec. 1.3.1). A comprehensive overview of existing hand rehabili-
tation technologies can be found in the review of Heo et al. [280]. No active hand

1A detailed overview of the different requirements can be found in the semester thesis of Daniel
Dörig [174].
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Figure A.2: Trajectories of the fingers during hand opening, mapped onto a plane.
Solid and dash-dotted line describe the motion of the index finger and the thumb of a
five-year-old. The dashed and the dotted lines refer to a thirteen-year-old. As an exam-
ple, the fingers of an five-year-old were included into the figure. IP = Interphalangeal
Joint (thumb); MCP = Metacarpophalangeal Joint; PIP = Proximal Interphalangeal
Joint; DIP = Distal Interphalangeal Joint.

module was found specifically designed for children. The literature review showed that
there are two fundamental concepts used already which are potential candidates for
a ChARMin hand module. While the ’extending handle’ pushes the hand open from
the inside the ’finger guidance’ concept opens the hand by moving the fingers, e.g., by
using a finger exoskeleton. The two concepts were further analyzed with respect to
the pediatric requirements given. This evaluation concluded with the decision to use
an extending handle concept for the hand module.

Concept of the Hand Module

Modeling of the finger movements The patient should be able to train a power
grip with the hand module. To train a physiological movement, it is critical to know
the trajectories of the joints during a power grip. A literature review revealed that
there is no complete mathematical description of the power grip. A mathematical
model of the finger movements during hand opening and closing was derived from
literature data about finger lengths and range of motion (ROM) of the finger joints
[281]. For simplification, it was assumed that the Metacarpophalangeal Joint (MCP)
of the index finger and thumb were static during the opening of the hand. Together
with a second assumption that the joint angles change linearly, the finger trajectories
could be plotted in Fig. A.2.

Additionally, two circles are integrated into the plot. They describe the diameter when
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the thumb touches the index- or middle finger for a 5- and a 13-year-old child. It can
be seen as a minimum position for a power grip because at this point no force can be
applied on the object hold in the hand anymore.

Handles For the ’extending handles’ concept, the hand module consists of different
handles which push the hand open. From the mathematical model of the power grip
the optimal trajectories of these handles were derived, such that the hand is opened
in a physiological manner.
The found solution has five handles that move along linear trajectories. The handles are
arranged symmetrically. More handles are nearly impossible because of the limited size
of the inner circle. Fewer handles guide the fingers too inaccurately. A disadvantage
of this arrangement is that the thumb is not activated over the full functional range of
motion.

Cam disc design To have a lightweight and compact design the handles should be
moved by a single actuator. The idea was the use of a cam disc which is rotated by the
actuator and slits in the disc move the handles along linear guides. The challenge is to
design the cam disc such that its rotation moves the single handles continuously and
linearly from the innermost position to the outermost position. After several iterations,
a solution was found. This solution is sketched in Fig. A.3. The handles (blue disk)
move on the linear guides (orange line) by a rotation of the cam disc. The slits in
the cam disc are shown with the curved lines, e.g., the green curve with the triangles
moves the blue disk upwards while rotating the cam disc.

a b

Figure A.3: Combination of the linear guides (orange lines) for the handles (blue disks)
and the cam disc (coordinate system with the curved lines). The rotation of the cam
disc moves the handles. (a) Closed hand position. (b) Opened hand position.

Final design The movement trajectories of the handles define are defined by the
cam disc. The handles are moving in the slits of the cam disc and, therefore, when
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the cam disc is turning, the handles start moving outside or inside depending on the
rotational direction of the disc.
The hand module was built in a multi-layer design. At the bottom is the base plate
on which the linear guides are mounted. The fixation for the handles is screwed on the
slide of the linear guide. Above the linear guides, the cam disc is mounted which is
connected to the base plate over its axle. The cam disc is driven by the motor (black
cylinder) over an involute gear (Fig. A.4 a).
The inner moving parts are hidden under a cover to protect the patient’s hand. Above
the cover the five handles can be seen which are driven by the cam disc (Fig. A.4 b).
To avoid that the fingers can be clamped between the moving handles a soft tissue
should span the handles. To avoid high forces by the extending surface of a tissue fixed
around the handles, the idea was to use one of the handles (the one at the top) as a coil
which acts as a material reservoir. When the handles open the reservoir releases tissue
and when the handles close the coil collects the material with the help of a spring.

a b

Figure A.4: (a) Inner parts of the hand module in opened position, (b) Hand module
fully assembled in open position.

The resulting design is still quite large and it is unclear whether the cam disc can
move the handles, whether the soft tissue can protect the fingers from being squeezed,
and whether the handles would withstand a spastic hand. The next step would be to
analyze the feasibility of the concept once more and to realize a functional prototype
which could answer these questions risen.
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A.2.2 List of ChARMin Errors

To guarantee the safe operation of the system, several software-, sensor-, electronic-
and handling errors can be detected. A list of the detectable errors is given in Tab. A.1
and the subsequent Tab. A.2.

Error Error name Description

0 Force sensor overload Indicates an overload on the force/torque
sensors. Currently, no force/torque sen-
sors are mounted.

1-7 Limit reached axis x A wrong joint angle position of axis x was
detected due to incorrect sensor value or
a joint which is out of range (e.g., missing
mechanical end stop). Joint angle of axis 7
is a dummy placeholder.

8-14 Redundant sensor error x The difference between the redundant ab-
solute potentiometer value and the digital
encoder value is more than 10 ◦ because
of a faulty calibration or incorrect sensor
values.

15 48 V supply error Shows under- or overvoltage (± 10 %) of
the 48 V supply.

16 - not in use - - not in use -
17 Connection error Connection to the interface software lost.
18 Motor drives not ready Maxon drives or ChAxis drives are not

ready for control.
19 Position control error The reference signal for the controller has

a step of more than 15 ◦.
20 Endeffector speed too high The end-effector speed is higher than

1 m/s. This error is resettable in the soft-
ware interface and therapy does not have
to be stopped.

21 Force sensor no noise When force sensors are used, this error
supervises whether the sensors are con-
nected.

22 Food pedal pressed during
startup

During the first 2 seconds the robot cali-
brates the sensors. During this time the
robot should not be powered which is
checked and this error is prompted when
the foot pedal is pressed.

Table A.1: List of the errors 1 - 22 which can be produced by the Simulink control
software.

192



A.2. APPENDIX OF CHARMIN ROBOT

Error Error name Description

23 Motor temperature ex-
ceeded

This error is produced when the motor
housing temperature is higher than 70 ◦C
(for the motors on the distal module).

24 5V Supply error The software supervises whether the 5 V
supply voltage is in range.

25 No distal module or touch-
ing motor 3

This error occurs when the REED sen-
sor detects no distal module or when the
proximity sensor on the small distal mod-
ule detects that an object is close to the
clamping zone.

26 Computers are too hot Supervision that the temperature in the
electronic box is not higher than 60 ◦C

27 48 V supply error Checks whether the 48 V supply is initially
on 0 V to guarantee that the power supply
can be switched off.

28 Jump in encoder Checks for encoder position increments
larger than 0.5 ◦.

29 Position control error Checks that no step higher than 15 ◦ is
applied to the position controller.

30 IK has no solution - not in use -
31 Wrong side selected Detects when the module chosen in the

software does not match the one mounted
on the robot.

32 CtrlModeError Checks that all axes are in the same con-
trol mode for controllers which use all
axes.

33 PositionErrorMobi Checks that no step higher than 15 ◦ is
applied to the mobilization position con-
troller.

34 Error board 1 This error is prompted when the ChAXIS
current control board 1 is in error mode.

35 Error board 2 This error is prompted when the ChAXIS
current control board 2 is in error mode.

36 Current mismatch Checks whether the current required from
the ChAXIS board is equal to the one
measured on the board (± 1 A).

37 Emergency button hit Prompts when one of the two emergency
buttons is hit.

38 Wrong orientation of the
emergency button

Detects whether the mobile emergency
button is placed horizontally.

Table A.2: List of the errors 23 - 38 which can be produced by the Simulink control
software.
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A.2.3 Comparison with US Patent 2008-0304935

The Patent US 2008/0304935 A1 shows similarities with the ChARMin remote center
of rotation (RCoR) design of the first axis (horizontal shoulder ab-/adduction). In
order to compare both, the ChARMin illustration is drafted according to the repre-
sentation in the patent (Fig. A.5).

  a b

Figure A.5: Comparison between (a) the Patent US 2008/0304935 A1 and (b) the
ChARMin kinematics of axis 1 (horizontal shoulder ab-/adduction). The glenohumeral
joint is numbered with 1.
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A.2.4 Angle Convention of ChARMin

The ChARMin joint angles are defined in accordance with the ”standardized neutral-
0-method positions” [264] used by therapists.

Axis 1: HSAb/HSAd - Horizontal shoulder ab-/adduction

This joint is usually not defined by the therapists. For the definition which is
used, the joint angle starts at zero when the arm is stretched to the front.

Axis 2: ShAb/ShAd - Shoulder ab-/adduction

The shoulder ab- /adduction move-
ment and shoulder flexion/extension
movement are both actuated with axis
2 in ChARMin. The zero position is
the position shown in the figure on the
right (arm straight down) and the angle
is increasing when flexing/abducting
the shoulder.

Axis 3: ShIR/ShER - Shoulder internal/external rotation

The shoulder internal/external rota-
tion is defined to be zero in the pos-
ture shown on the right (arm horizon-
tal with elbow flexed). The angle is
increasing when rotating the shoulder
externally.

Axis 4: ElEx/ElFl - Elbow extension/flexion

The elbow angle is defined to be zero
when the arm is completely stretched.
The angle is increasing when the elbow
is flexed.

Axis 5: ElPr/ElSu - Elbow pronation/supination

The pronation/supination angle is zero
in the posture on the right. The an-
gle is increasing when supinating the
elbow.

Axis 6: WrEx/WrFl - Wrist extension/flexion

The wrist angle is zero when the fore-
arm and hand are straight as shown in
the figure. Further extending the wrist
will increase the angle.
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A.2.5 ChARMin History and Conceptualization

First Sketches

Figure A.6: First sketch of the ChARMin system.

Conceptual Model

The first concept of the robot was roughly modeled in CAD (Fig. A.7) for further
discussion and as a basis for the more detailed and correctly dimensioned model.

Figure A.7: First conceptual CAD model of the ChARMin robot.
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First Version with 4 DoFs

The first ChARMin prototype had 4 DoF, i.e., 3 DoF for the shoulder and 1 DoF for
the elbow (Fig. A.8 a, b). It was equipped with a distal module for children from 5
to 13 years. A length-adaptable arm rest with a cuff for the forearm was provided as
well as a pressure sensitive stick that could be grabbed by the subject.

a Proximal module

Distal module

b

Figure A.8: First ChARMin prototype with four DoF. (a) Modular design of ChARMin
with 4 DoF and with the distal module for younger patients, shown with the upper
body of a 13-year-old child. (b) Healthy subject fixed in the ChARMin robot in a
typical setup with the audio-visual display for the therapy. The axis control boards
were not mounted in the picture.
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A.2.6 Comparing ChARMin and ARMin

Differences Between ChARMin and ARMin

As mentioned earlier, the ARMin hardware and software could only partially be used
for the pediatric version. Here, the main differences of the ChARMin robot compared
to the ARMin robot are listed.

Robot i) Adjustable for children aged 5 years and older, ii) Modular approach to
exchange the four distal DoF, iii) Two parallel remote center of rotation kine-
matics to move the robot away from the patient, iv) New change-of-side mecha-
nism, v) Adapted passive spring compensation mechanism, vi) Electronics with
current control boards directly on the exoskeleton to reduce cabling and improve
exchange of distal module, vii) Activities of daily living replaced with game-
like scenarios for more immersion and a motivational and playful training, viii)
Non-actuated pressure-sensitive angled hand module, ix) New mechanics for the
curved guidance moving the elbow pro-/supination joint (eccentric gears), x)
Different wrist actuation (no spindle drive).

Control i) Extended path controller, ii) Changed inverse kinematics, iii) Dithering
approach to reduce static friction, iv) Kalman filter to estimate the joint ac-
celerations, v) All the joints can be controlled independently, e.g., axis 1 holds
the position, axis 2 is freely movable, axis 3 applies a sinus reference signal to
a position controller while the elbow is in single-axis control mode, vi) Adapted
single-axis support to the predicted target position instead of the current ball
position.

Assessment i) Continuous mode for the WORKSPACE assessment added, ii) CIR-
CLE following assessment added, iii) Assessments are more adaptable (e.g.,
QOM: Time to hold target position, CIRCLE: Speed of the target, QOM: Se-
quence of the targets shown, etc.), iv) Improved evaluation tool for the assess-
ments and games with an intuitive user interface.
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Comparing the Specifications for ChARMin and ARMin
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1. ChARMin robot hardware 

 
 

1) Laser to mark the center of the glenohumeral joint 

2) Axis 1: Horizontal shoulder ab-/adduction 

3) Axis 2: Shoulder flexion/extension, ab-/adduction 

4) Axis 3: Shoulder internal/external rotation 

5) Axis 4: Elbow flexion/extension 

6) Axis 5/6: Shown in more detail below (Figure 2) 

7) Upper arm length adjustment 

8) Lifting column to raise the height of the exoskeleton 

9) Real-time computer xPC target (inside cabinet) 

10) Host computer (inside cabinet)

 

 

 

 

 

 

 

 

 

1) Axis 5: Forearm pronation/supination 

2) Forearm cuff attachment 

3) Curved guidance for axis 5 

4) Axis 6: Wrist flexion/extension 

5) Forearm length adjustment 

6) Pressure ball for game input and grip strength 

measurement 

7) Wrist-hand length adjustment 

 

Figure 1 ChARMin robot with lifting column, an avatar for a 13-year-old child and the electronic cabinet 

Figure 2 ChARMin forearm module 
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2. Power 

The main power supply for ChARMin is 230V/4A. The power is connected via the main switch to a 

medical approved transformer (Thalheimer ERT 230/230/6G). All the electric components of the system 

are connected to the transformer. 

1) Main power supply: 230V/4A 

2) Motor power supply: 48V/600W (Traco Power, TSP 600-148) 

 

3. Computer 

3.1. Real time xPC target (commercial PC) 

Component Type 

CPU Intel Core 2, 2.13 GHz, 32bit 

Chipset 975X 

RAM 2 GB 

Network IntelPRO/1000 GT 

HD 150 GB 

DAQ Humusoft MF624 

CAN card Softing CAN-AC2-PCI 

  

3.2. Host (commercial PC) 

  

 

 

 

 

 

 

 

Component Type 

CPU Intel Core i7-3770, 3.4GHz, 64bit 

Chipset Intel C216 

RAM 4 GB 

Network Intel PRO/1000 GT 

HD 500 GB 

Graphic Intel HD Graphics 4000 

Audio Realtek High Defintion Audio 
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4. Robot hardware 

 
Figure 3 Definition of the six actuated ChARMin joint axes. Shown with the large distal module and the avatar of an 18-year-
old child. 

 

4.1. Kinematics 

4.1.1. Robot length adjustments 

 Small distal module Large distal module  

Shoulder height  [cm] ca. 85.0 - 125.0 ca. 85.0 - 125.0 
Upper arm length [cm] 21.1 - 33.6 23.3 - 36.3 
Forearm length (elbow to wrist) [cm] 12.9 - 20.4 18.7 - 28.8 
Hand length (wrist to handle) [cm] 4.6 - 7.1 5.2 - 10.2 

 

4.1.2. Joint range of motion (ROM) and achievable nominal joint torques 

  

Joint ROM 
Nominal torque 

small module [Nm] 
Nominal torque 

large module [Nm]  

Axis 1: Shoulder horizontal ab-adduction -10< 1< 95 18.0 18.0 

Axis 2: Shoulder flexion/extension 50< 2< 130 22.7 22.7 

Axis 3: Shoulder int./ext. rotation -30< 3< 70 8.6 11.8 

Axis 4: Elbow flexion/extension   0< 4< 120 6.3 9.1 

Axis 5: Forearm pro/supination -90< 5< 90 5.0 8.3 

Axis 6: Wrist flexion/extension -70< 6< 70 4.7 6.5 
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4.2. Mechanics 

4.2.1. Friction 

Static friction 

The static friction has been measured as user driven breakaway torque with a 1DOF Kistler force sensor. 

The measurements were taken in the assembled robot with the feedforward gravity and friction 

compensation on. 

Axis Static friction [Nm] 

1 1.6 
2 3.0 
 Small distal module 

3 0.6 
4 0.5 
5 0.2 
6 0.2 

 

Coulomb and viscous friction 

The coulomb and viscous friction was measured by moving each of the axes at different speed while 

measuring the torque needed. The overall torque was approximated with the following equation. 

𝝉𝑓 = 𝑘1 ∙ (1 − 𝑒−𝑘3∙|𝑣|) ∙ 𝑠𝑖𝑔𝑛(𝑣) + 𝑘2 ∙ 𝑣 

Axis 
Coulomb friction coeff. 

k1 [Nm] 
Viscous friction coeff.  

k2 [Nms/rad] 
Exponential 

rise coeff. k3 [] 

1 3.3 5.5 50 

2 3.0 0.4 5 

Small distal module 

3 0.25 0.1 30 

4 0.9 0.7 60 

5 0.65 0.13 10 

6 0.12 0.05 30 

Large distal module 

3 0.3 0.03 20 

4 0.8 0.4 60 

5 0.3 0.05 10 

6 0.15 0 15 

 

4.2.2. Mass 

Whole device: 110 kg 

Exchangeable part (small module): 5.7 kg 

Exchangeable part (large module): 7.5 kg 
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4.2.3. Inertial properties CAD 

Reflected joint inertia (including motor rotor inertia). Completely horizontal and stretched robot 

posture. Midrange for length scales.  

 Reflected inertia Comments 

Axis 1 2.45 kg·m2 Inertia proximal part estimated with dynamic 
measurement and a least square fit and CAD inertia for 
the distal part. 

Axis 2 0.82 kg·m2 CAD 

Axis 3 0.11 kg·m2 CAD 

Axis 4 0.058 kg·m2 CAD 

Axis 5 0.090 kg·m2 CAD 

Axis 6 0.090 kg*m^2 CAD 

 

 

4.2.4. Spring 

Durovis pull spring (25/4/3) 

Spring stiffness: 3300 N/m 

Spring constant effective: 4900 N/m 

Min. length: 157 mm (including adapter) 

Lengthening while moving: 91mm 

Possible pretension (crank): 50mm 

Rope: LIROS- D-PRO, Ø4mm  

 

 

 

4.2.5. Mechanical play 

 Mechanical play Comment 

Axis 1 0.05° Harmonic Drive with no known 
mechanical play 

Axis 2 0.63° Tested with the robot sensorsa 

Axis 3 0.45° Tested with the robot sensorsa 

Axis 4 0.03° Harmonic Drive with no known 
mechanical play 

Axis 5 0.1° Tested with the robot sensorsa 

Axis 6 1.39° Tested with the robot sensorsa 
aTested by comparing the digital with the analog sensor (mechanical play is between these sensors) 

  

Figure 4 Spring for passive gravity compensation 
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4.3. Actuators  

Axis Motor Gear Ratio Speeda [°/s] 

1 MX RE40 (DC) HD CSG-17-120-2UH 1:120 373 

2 MX RE40 (DC) Custom gear and PG MX GP52C 1:162 (1:2 and 1:8) 278 

Small distal module 

3 MX RE35 (DC) PG Maxon GP 42 C 1:113 185 

4 MX RE30 (DC) HD HFUS-14-100-2SO 1:101 481 

5 MX RE25 (DC) PG MX GP26A & belt 1:249.7 (1:19 and 1:13.14) 212 

6 MX DCX22S (DC) PG MX GPX22 1:138*3 164 

Large distal module 

3 MX RE35 (DC) PG MX GP 32 HP 1:159 135 

4 MX DCX32L (DC) HD HFUS-14-100-2SO 1:101 264 

5 MX RE25 (DC) PG MX GP26A &belt 1:362.9 (1:19 and 1:19.1) 150 

6 MX RE25 (DC) PG MX GP26A & 90° gear 1:278 (1:139 and 1:2) 192 
aTheoretically achievable speed (with 5Nm load). MX = Maxon. HD = Harmonic Drive. PG = Planetary 
Gear. 
 
4.4. Electronics 

4.4.1. Sensors 

Angular position 

ChARMin is equipped with optical incremental encoders at each joint (1000 impulses per rotation, 

except for axis 4 on the large distal module). With the four quadrant amplifier of the encoders, the 

resolution of the axes is around a per mill degree range. All the axes have additional, absolute analog 

sensors for redundancy (foil potentiometers, hollow shaft potentiometer, magnetic encoders). 

Axis 
Angular resolution 
(encoder incl. gear) 

Sampling 
rate 

1 0.00075 2 ms 

2 0.00056 2 ms 

Small distal module 

3 0.00080 2 ms 

4 0.00089 2 ms 

5 0.00036 2 ms 

6 0.00032 2 ms 

Large distal module 

3 0.00057 2 ms 

4 0.0035 2 ms 

5 0.00025 2 ms 

6 0.00033 2 ms 
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4.4.2. Axis current control board (ChAXIS) 

In order to reduce cabling and to make the distal part easily exchangeable, the motors on the distal part 

are not controlled with motor drives in the electronic cabinet, but with current controllers directly on 

the distal part. This reduces the cabling between the proximal and the distal part to 4 CAN bus wires (2 

buses à 2 wires) and 2 power lines for 48V supply for the boards. The ChAXIS board was developed and 

built inhouse and encompasses the interface for two actuators with corresponding analog and digital 

sensors. 

Feature Number 

Current controller 2 (for controlling 2 actuators) 
Encoder input 2 (20bit) 
Digital input 1 (5V TTL) 
Ditigal output 2 (5V TTL) 

Analog input 3 (10bit) 

Communication CAN 2.0 B 
Dimension 52x63x18 mm 
Board supply voltage 48V 
Data transfer rate 1 Mbit/s 
Max output current 5.5 A 
Output voltage -48 ... +48V 
Sample rate current controller 22.05 kS/s 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Location of the two ChAXIS control boards on the distal module of ChARMin. 
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5. Safety 
 

Passive 

- Mechanical end stops at all joints and length adjustments 

- Spring ensures that in case of a power loss the exoskeleton does not fall down on the patient 

- No sharp edges 

- Skin biocompatible cuffs 

 

Active 

- Redundant position sensors 

- Dead-man’s switch has to be pressed to turn on the actuators.  

- Watchdog for supervision of the real-time controller 

- Surveillance of electronic voltage (48V and 5V levels) 

- Check for left/right settings configuration using a tilt sensor 

- Check for proper fixation of the distal module using a REED proximity sensor 

- Surveillance of range of motion 

- Surveillance of communication with ChAXIS boards 

- Observation of the end-effector speed (not allowed to exceed 1m/s) 

- Monitoring of the motor temperatures for the motors 3-6 (using a NTC sensor) 

- Supervision of position-control errors 

- Comparison between desired current requested from ChAXIS board and actual current 

- Supervision of ChAXIS board drive temperature, undervoltage, drive shutdown, heartbeat, 

successful sending, general firmware error (queue overload, etc.) 
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6. Control 

6.1. Position control 

The control parameters for the PD-Controller used during the repetition in the mobilization mode, the 

holding of positions during patient fixation or assessments as well as the 100% support mode in the 

games can be found in the table below.  

Table 1 : PD controller gains for mobilization and 100% support in games. The values are identical for the small and large 
distal module 

Axis KP [Nm/rad]  KD [Nms/rad] 

1 5440 59.5 

2 2160 17.4 

3 320 5.9 

4 720 19.4 

5 160 3.7 

6 156 4.5 

 

 

 

 

 

 

 

6.1.1. Position control bandwidth 

Measured position control bandwidth using a constant amplitude (5°) and increasing frequencies.  

The -3 dB amplitude was used as a measure for the bandwidth. 

Table 2 Position control bandwidh measured for the small distal module. 

 Position control bandwidth Comments 

Axis 1 2.1 Hz  

Axis 2 3.0 Hz Measurement up to 3 Hz and then stopped because of 
mechanical safety reason. 

Axis 3 5.3 Hz  

Axis 4 5.5 Hz  

Axis 5 6.0 Hz  

Axis 6 5.0 Hz  

Figure 6 Example of the position controller used in the mobilization mode (identical to 
mobilization in ARMin) 
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Figure 7 Position control bandwidth for the 6 axes of ChARMin equipped with the small distal module. 

 

6.1.2. End-effector stiffness 

The end-efffector stiffness is anisotropic, i.e. it varies in different directions. The stiffness at the end 

effector was measured by applying an external force with a Kistler force sensor at the end-effector of 

the position-controlled exoskeleton. The measured forces and the displacements at the end effector 

were measured and the stiffness calculated as the ratio between these values. The posture was chosen 

in the middle of the workspace in front of the patients solar plexus. The stiffness was measured 5 times 

in each direction. 

 End-effector stiffness 

X positive 1.0 N/mm 

X negative 1.1 N/mm 

Y positive 1.3 N/mm 

Y negative 1.3 N/mm 

Z positive 2.4 N/mm 

Z negative 2.9 N/mm 

 

6.2. Adaptive ball game control 

The adaptive support during the ball game is defined as: 

𝜏𝑗𝑜𝑖𝑛𝑡 = (𝑞𝑑𝑒𝑠 − 𝑞𝑗𝑜𝑖𝑛𝑡)/(𝑞𝑚𝑎𝑥 − 𝑞𝑚𝑖𝑛) ⋅  𝑘𝑠 ⋅ 𝜏𝑚𝑎𝑥 ⋅ 𝑡𝑖𝑛𝑐   

where qdes is the desired joint angle in radian, qjoint  is the current joint angle in radian, qmax and qmin 

and are the extremum joint range values (can be changed in the patient settings), ks is the normalized 

amount of support chosen by the therapist, τmax is the torque which is maximally applied in each 

particular joint, tinc is an incrementation variable (e.g. (1-hball ) where hball  is the normalized ball 

height in the ball game or the normalized time since a target appeared on the screen in the whack-a-

mole game).  
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6.3. Path control 

The assist-as-needed path control strategy is used for the games that have a clearly defined target to 

move to (e.g., tennis game, the spaceship game or the diver game).  

A virtual tunnel is rendered around the path from the given start position pstart to the desired target 

position ptarget (Figure 7 Example of the position controller used in the mobilization mode (identical to 

mobilization in ARMin)Figure 7). If the patient deviates from the given path, the tunnel wall will apply a 

towards the path and, therefore, push the patient's arm to stay close to the path. 

In close vicinity to the path, there is a dead band with constant radius Rw, where no tunnel forces are 

applied. This allows the patient to choose his individual trajectory without being assisted. If the actual 

position pact is outside this radius, a tunnel force is applied to the end effector. Inside the tunnel a 

direction-dependent adaptable flux force assists the patient along the tunnel direction. 

The back of the tunnel and the front of the tunnel are moving according to a predefined minimal and 

maximal speed trajectory in order to provide additional support for the patient. A gain scheduling 

approach in the target position increases the wall stiffness K and decreases Rw in order to reach the 

target position [2]. 

 
Figure 7: Control chart of the AAN path controller used in ChARMin 
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Appendix A - Order numbers 

 

Motors  

Axis Motor Distributor Order Nr. 

1 Maxon RE 40 Maxon 148877 

2 Maxon RE 40 Maxon 148877 

Small distal module 

3 Maxon RE 35 Maxon 273759 

4 Maxon RE 30 Maxon 310009 

5 Maxon RE 25 Maxon 339155 

6 Maxon DCX22S Maxon B716F657CED5 

Large distal module 

3 Maxon RE 35 Maxon 273759 

4 Maxon DCX32L Maxon B72D7EEAC8CC 

5 Maxon RE 25 Maxon 339155 

6 Maxon RE 25 Maxon 339155 

 

Gears 

Axis Gear Distributor Order Nr. 

1 Harmonic Drive CSG-17  ASS CSG-17-120-2UH 

2 Planetary gear Maxon GP 52 C/ Maxon/Maedler 223093 

Small distal module 

3 Planetary gear Maxon GP 42 C Maxon 203126 

4 Harmonic Drive HFUS-14 ASS HFUS-14-100-2SO 

5 Planetary gear Maxon GP26A Maxon 406762 
6 Planetary gear Maxon GPX22 / Maedler spur gears Maxon/Maedler B716F657CED5/ 

350 277 00 and 350 
276 000 

 Large distal module 

3 Planetary gear Maxon GP32HP Maxon 326671 

4 Harmonic Drive HFUS-14 ASS HFUS-14-100-2SO 

5 Planetary gear Maxon GP26A Maxon 406770 

6 Planetary gear Maxon GP26A / Maedler spur gears Maxon 406770/350 557 00 
and 350 556 00 
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Sensors 

Digital: 

Axis Encoder Distributor Order Nr 

1 Maxon MR 1000 imp/rot Maxon 228456 

2 Maxon MR 1000 imp/rot Maxon 228456 

Small distal module 

3 Maxon MR 1000 imp/rot Maxon 228456 

4 Maxon MR 1000 imp/rot Maxon 228456 

5 Maxon MR 1000 imp/rot Maxon 225780 
6 Maxon ENX16 EASY 1024 imp/rot Maxon B716F657CED5  

Large distal module 

3 Maxon MR 1000 imp/rot Maxon 228456 

4 Maxon MR 256 imp/rot Maxon ENX16 EASY 

5 Maxon MR 1000 imp/rot Maxon 225780 

6 Maxon MR 1000 imp/rot Maxon 225780 

 

Analog: 

Axis Analog Sensor Distributor Order Nr 

1 Contelec GL60 10KM354, Winkelaufnehmer Distrelec 715766 
2 Angle sensor 360°, RFA 4001-636-211-401, 

Novotechnik with NdFeB magnet 8x4x3mm 
Distrelec/Supermagnete 242800/  

Q-08-04-03-N 

Small distal module 
3 Angle sensor 360°, RFA 4001-636-211-401, 

Novotechnik with NdFeB magnet 8x4x3mm 
Distrelec/Supermagnete 242800/  

Q-08-04-03-N 
4 Angle sensor 360°, AKM Semiconductor Inc. 

(on elbow ChAXIS) 
Digikey 974-1044-1-ND 

5 ThinPot 170mm foil potentiometer Mouser Electronics Inc TSP-L-0170-103-
3%-ST 

6 Bourns, 12mm rotary position sensor Digikey 3382H-1-502-ND 

Large distal module 
3 Angle sensor 360°, RFA 4001-636-211-401, 

Novotechnik with NdFeB magnet 8x4x3mm 
Distrelec/Supermagnete 242800/  

Q-08-04-03-N 
4 Angle sensor 360°, AKM Semiconductor Inc. 

(on elbow ChAXIS) 
Digikey 974-1044-1-ND 

5 ThinPot 300mm foil potentiometer Mouser Electronics Inc TSP-L-0300-103-
1%-RH 

6 Bourns, 12mm rotary position sensor Digikey 3382H-1-502-ND 
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A.3 Appendix of ChARMin Control

A.3.1 Increased Transparency with Force Sensors in ARMin IV

(This section is based on a previous conference publication of the author [6])

Introduction

In the last seven years, different consecutive generations of the arm rehabilitation robot
ARMin were developed at the Sensory-Motor Systems (SMS) Lab in Zurich. The last
version, ARMin III, is an actuated exoskeletal structure with seven degrees of freedom
(DoF) and is being used for therapy with stroke patients in four different clinics in
Switzerland [171]. This year, ARMin III was transferred to the industry, with Ho-
coma AG (CH) building a commercial version of the device, available under the name
Armeo R©Power. In parallel a new generation, ARMin IV (Fig. A.9), was developed
at the SMS Lab and optimized for the use with spinal cord injured (SCI) patients.
A leveling caster system was attached to the base frame of the robot to adjusts its
position to the patient (especially for patients with electronic wheelchair) and the soft-
ware was extended. New assessments were implemented to measure patient’s range of
motion, movement smoothness, joint stiffness, isometric force, reaction time, etc. and
the training of the tenodesis function of the hand (passive finger flexion in response
to wrist extension) was enabled, which is common in tetraplegic SCI patients. Fur-
thermore, new force/torque (F/T) sensors were mounted to improve the measurement
accuracy of direct interaction between robot and patient, and thus, also allow the in-
clusion of rather weak patients. In the following, the focus will be laid on these sensors
and particularly the associated models and force control algorithms which increase the
sensitivity of the device and, therefore, improve the transparency.

Methods and Materials

Measuring interaction To measure interaction forces and torques in the ARMin
IV, three 6-DoF F/T sensors (Mini45, ATI Industrial Automation) were added in
the cuffs of the upper arm and forearm, as well as in the hand module for precise
measurements of patient interaction (Fig. A.10). This has the advantage that even
small forces, which are below the static friction of the gears and joints, can be detected.

Force sensor placement Basically, two possibilities to place a force sensor are
differed. The two positions are sketched in Fig. A.11. Either the sensor is close to
the robot axis to measure the force directly after the motor (Sensor 1) or as close as
possible to the patient to measure the interaction torques between the robot and the
patient (Sensor 2). To understand which position to choose for the ARMin IV robot
design, a simplified model was introduced (Fig. A.12).
The model is assumed to move in the horizontal plane, i.e., gravitational effects can
be ignored. Furthermore, the sensors are assumed to be massless and no friction-,
damping- or Coriolis effects are considered. Given the simplified model the equation
of motion can be derived:

(mrobot +marm)ẍ = Fhuman + Fmotor (A.3)
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Figure A.9: ARMin IV - Arm rehabilitation robot optimized for the use with SCI
patients

Figure A.10: Positions of the three F/T sensors on the exoskeleton (S1...S3) and axis
numbering (a1...a6).
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Sensor 1

Sensor 2 mrobot

marm

Shoulder

Figure A.11: Simplified upper arm and robot representation to illustrate the possible
positions for a force sensor on the robot exoskeleton.

Fmotor Fint Fhuman

mrobot marm

sensor 1 sensor 2

x

F1 F2

Figure A.12: Simplified model derived from the representation in Fig. A.11. For
simplification the movement analyzed was a linear instead of a rotational model.

These terms can be rearranged to get the forces acting on the two sensors:

Sensor 1: F1 = Fmotor = mrobot · ẍ︸ ︷︷ ︸
robot dynamics

+marm · ẍ− Fhuman︸ ︷︷ ︸
interaction forces

Sensor 2: F2 = −Fmotor +mrobot · ẍ = −marm · ẍ+ Fhuman︸ ︷︷ ︸
interaction forces

From these relations, it is clear that sensor 1 measures the interaction force Fhuman as
well as the robot and arm dynamics. In order to calculate the interaction forces, the
arm dynamics have to be subtracted from the measurement. However, the acceleration
is hard to derive from the position sensor and an accurate model of the robot arm is
usually difficult to achieve. Sensor 2 measures the interaction forces Fhuman only.
Therefore, the decision was to choose the sensor position as close to the patient arm
as possible.

Control To be able to use these new force/torque measurements for the joint-level
torque control, the sensor information is mapped to the joints that are actuated in
the robot. This mapping is described by the Jacobian J. The Jacobian relates the
speed of the sensor position to the according angular joint speeds, but is also the
position-dependant relation between the externally applied forces fSi and torques τSi
(measured in the sensors) and the joint torques τ joints that need to be applied to have
the robot in a static equilibrium.
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The Jacobian for a specific point P on the robot can be found by calculating the speed
of a point P on the exoskeleton and then splitting this speed into the contributions of
each single joint.

vP = JP q̇ + rest (A.4)

where q̇ is a vector with the different joint speeds q̇1 to q̇6.
Considering all the forces and the torques in each sensor the joint torques can be
written as:

τ joints =
3∑
i=1

(
JT
fSi
fSi + JT

τSi
τSi
)

(A.5)

These six Jacobians (JT
fSi

,JT
τSi

, i = {1 , 2 , 3}) can be merged to one large Jacobian
Jtot, which is then multiplied by a vector f tot which consists of all the force and torque
components received from the three sensors:

τ 6x1
joints = JT6x18

tot · f18x1
tot (A.6)

The seventh DoF for the hand opening can not be detected with the new sensors and
is, therefore, excluded here.
For the control loop, the data from the sensors is first filtered with a 2nd-order 8 Hz
Butterworth low-pass filter before being processed through the previously calculated
Jacobian, together with the robot angles qact. The resulting joint torques τ joints are
then used in a closed-loop force controller (Fig. A.13) with underlying current control.

ARMin and
Human

Force
Control+

+

+
-

Compensation
Model

Support
Generation

Torque to
current

Current
Control

Transformation
& Filter

τdes τe τctrl

τcomp

τmotor
qact

ftot

τjoints

Jtot

ides imotor

Figure A.13: Force control scheme for ARMin IV

The ’Compensation Model’-block acts as a feedforward control component and includes
a model for the influence of friction τ f , gravity τ g and springs τ s on the exoskeleton
(τ comp = τ f + τ g + τ s) [64]. These compensation torques and the control torques
are then applied to the motors of ARMin (τmotor). For the subsequent test of the
force controller, a PI- and a P-controller were used, which were designed by using the
Ziegler-Nichols method [282]. To test the performance of the force controller the scheme
(Fig. A.13) was reduced to a zero-force controller by setting the reference force to zero
(τ des = 0). In this condition, the interaction forces/torques are maximally reduced by
the controller.

Results

In a first single case study, a healthy subject was fixed in the ARMin and then asked to
follow, joint by joint, a minimal jerk reference trajectory displayed on the screen. As
an example the trajectories for elbow flexion/extension and shoulder internal/external
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elbow flexion/extension
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Figure A.14: Angle trajectory and corresponding interaction torques for the elbow and
shoulder. Dash-dotted: Compensation, solid: PI-controller, dashed: P-controller

rotation are shown (Fig. A.14, left). The corresponding ARMin axes (axis 3 and
axis 4) can be found in Fig. A.10.
The movement was performed for all joints in three different randomized conditions
with either the feedforward compensation only (as test reference) or with additional
PI- or P-controller. The calculated interaction torques during the movements are ex-
emplarily displayed for the elbow and shoulder rotation (Fig. A.14, right).
To compare the different conditions, the integral over the torque course was calculated.
This comparison showed a reduction of interaction torques of 58 % for the elbow flex-
ion/extension (61 % for shoulder internal/external rotation) for the PI-controller and
78 % for the P-controller (77 % for shoulder internal/external rotation) compared to
the compensation model.

Discussion

The results show that the F/T sensors mounted in the cuffs improve the transparency
of ARMin IV by decreasing the interaction torques and forces. This is exemplarily
shown for the elbow joint and the shoulder internal/external rotation. The P-controller
and the PI-controller show distinct decrease of interaction torques.The PI-controller’s
performance is slightly worse than the one of the P-controller. This may be due to
smaller P-gains in the PI-controller compared to the P-controller. Nevertheless, it is
assumed that the I-part of the controller could be beneficial for very slow movements.
This will have to be tested in future.
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Conclusion

The new force controller detects very small interaction forces/torques between the
patient and the robot. The first version of the force controller will be integrated into the
current ARMin IV software and the newly developed assessments and allows to include
weak patients in the ARMin IV therapy. Furthermore, this improved transparency
could be beneficial for impaired children with even smaller and weaker arms and,
therefore, the application of the sensors in a planned pediatric ARMin is currently
being investigated.
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A.4 Appendix of ChARMin Assessments

A.4.1 Isometric Torque Validation

A large hysteresis was observed when recording the motor torques which were needed
to counteract an externally applied torque by the Mecmesin AFG sensor (Fig. A.15).

Figure A.15: Isometric torque validation for the six axes of ChARMin equipped with
the large distal module (e.g., for isometric torque assessment). On the x-axes are the
torques applied by the Mecmesin AFG sensor and on the y-axes are the motor torques
applied to the robot joint by the motors to counteract the external forces. The blue line
is the diagonal which can be seen as the perfect mapping if the joint was frictionless.
The torques were applied twice in both joint directions.
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The results of the torque validation for the small distal module were similar to the
large distal module. Analogous to the large distal module the joint torque estimation
excludes the unloading phase and, therefore, the large hysteresis in the measurement
(Fig. A.16).

Figure A.16: Isometric torque validation for the four axes of the small distal module.
Only the loading of the robot is shown, i.e., without hysteresis. On the y-axes are
the motor torques applied to the robot joint by the motors and on the x-axes are the
torques applied by the Mecmesin AFG sensor. The blue line is the diagonal which can
be seen as the perfect mapping if the joint was frictionless. The torques were applied
twice in both joint directions. The black line is the linear fit of the cut data.
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A.4.2 Robot-Assisted Assessments Supplementary Material

ROM joint measured

Lateral

shoulder

ad-

/abduction

Shoulder

flexion/

extension

Horizontal

shoulder

ad-

/abduction

Shoulder

internal-

/external

rotation

Elbow

flexion/

extension

Forearm

pronation/

supination

Wrist

flexion/

extension

Axis 1: Lateral shoulder ad-/abduction 67 ABD 80 ABD 90 FLEX 90 FLEX 90 FLEX 50 FLEX 50 FLEX

Axis 2: Horizontal shoulder ad-/abduction 90 ABD 20 ABD 90 ABD 20 ABD 20 ABD 90 ABD 90 ABD

Axis 3: Shoulder internal-/external rotation 85 EXR 85 EXR 85 EXR 85 EXR 0 0 0

Axis 4: Elbow flexion/extension 0 0 0 90 FLEX 0 90 FLEX 90 FLEX

Axis 5: Forearm pronation/supination 0 0 0 0 85 SUP 50 SUP 50 SUP

Axis 6: Wrist flexion/extension 0 0 0 0 0 0 0

ABD=Abduction, EXR=External rotation, FLEX=Flexion, SUP=Supination.

Figure A.17: Table S1 - ARMin postures for the different joints measured during the
ROM assessment.

STRENGTH joint measured

Lateral

Shoulder

ad-

/abduction

Shoulder

flexion/

extension

Horizontal

shoulder

ad-

/abduction

Shoulder

internal-

/external

rotation

Elbow

flexion/

extension

Forearm

pronation/

supination

Wrist

flexion/

extension

Axis 1: Lateral shoulder ad-/abduction 60 ABD 80 ABD 90 ABD 90 ABD 90 ABD 50 ABD 50 ABD

Axis 2: Horizontal shoulder ad-/abduction 90 ABD 20 ABD 45 ABD 20 ABD 20 ABD 90 ABD 90 ABD

Axis 3: Shoulder internal-/external rotation 85 EXR 85 EXR 85 EXR 45 EXR 0 0 0

Axis 4: Elbow flexion/extension 0 0 0 90 FLEX 90 FLEX 90 FLEX 90 FLEX

Axis 5: Forearm pronation/supination 0 0 0 0 85 SUP 50 SUP 50 SUP

Axis 6: Wrist flexion/extension 0 0 0 0 0 0 0

ABD=Abduction, EXR=External rotation, FLEX=Flexion, SUP=Supination.

Figure A.18: Table S2 - ARMin postures for the different joints measured during the
STRENGTH assessment.
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Assessment parameter Spearman’s correlation

coefficient

Bland-Altman

t-test significance

WORKSPACE Mean of cubic volume 0.77* (p=0.014) 0.025

Workspace levels 0.75* to 1.0** p>0.035

(p<0.02 for all dir.) (sign. for “down” dir.)

QOM Mean D-P ratio to target 0.29 (p=0.535) 0.496

Mean D-P ratio to start 0.48 (p=0.233) 0.298

Mean Precision 0.68 (p=0.094) 0.112

Mean Number of peaks to target 0.46 (p=0.294) 0.854

Mean Number of peaks to start 0.71* (p=0.047) 0.923

Mean Time to target 0.36 (p=0.432) 0.550

Mean Time to start 0.21 (p=0.610) 0.069

Mean Reaction time to target 0.10 (p=0.823) 0.887

Mean Reaction time to start 0.29(p=0.493) 0.821

*= p<0.05, **= p<0.01.

Figure A.19: Table S3 - Summary of the inter-rater analysis of WORKSPACE and
QOM.

Mean(Range, i.e. difference between max and min value) Mean(Standard deviation)

m1 m2 m3 m4 m5 m6 m7 m8

aROM

[°]

47.9(4.2)

130.8(1.1)

46.7(3.9)

130.7(1.3)

-34.9(6.3)

123.6(2.0)

-28.6(3.5)

87.9(2.3)

-0.5(0.7)

118.9(2.1)

-88.8(2.9)

44.6(18.3)

-34.1(4.2)

37.4(4.0)

-

-

QOM Time

[ms]

1566(395)

pROM

[°]

50.3(7.5)

130.2(0.9)

47.7(3.9)

130.6(0.7)

-29.1(12.1)

121.3(2.5)

-27.5(3.7)

89.7(1.3)

-0.6(0.4)

116.7(4.1)

-89.7(1.1)

85.5(6.9)

-33.8(3.9)

36.6(3.5)

-

-

QOM Peak

[]

18.6(9.4)

STRENGTH

[Nm]

37.7(11.2)

30.6(12.2)

37.5(15.8)

45.5(15.4)

28.6(11.1)

32.5(8.0)

15.9(4.8)

14.8(3.9)

21.8(5.2)

24.3(7.3)

4.9(2.4)

3.1(1.7)

4.2(1.1)

4.6(2.1)

1.4(0.6)

1.5(0.6)

QOM D-P ratio

[]

1.19(0.18)

RPM 30°/s

[Nm/rad]

-1.57(3.88)

0.51(5.46)

-

-

1.03(1.23)

0.58(1.02)

-1.05(0.94)

-0.47(0.51)

0.61(0.64)

0.38(0.59)

0.00(0.26)

0.34(1.20)

0.4(0.21)

0.25(0.19)

1.89(1.57)

1.43(1.59)

QOM Reaction

[ms]

877(226)

RPM 60°/s

[Nm/rad]

-1.53(3.32)

0.73(4.15)

-

-

0.39(1.96)

-0.16(1.90)

-1.42(1.10)

-0.38(0.48)

0.64(0.51)

0.39(0.50)

0.09(0.24)

0.31(0.14)

0.47(0.26)

0.27(0.25)

1.67(1.38)

2.27(1.95)

QOM Precision

[m]

0.036(0.01)

WORKSPACE

[dm
3
]

139.4(1.3)

For aROM, pROM, WORKSPACE, STRENGTH and RPM the mean differences are shown between the maximum and minimum values measured

during the four recordings of the intra-rater reliability. For the QOM assessment the standard deviationis used as an indicator for the variability of

the recorded parameters. m1 = shoulder add-/abduction, m2 = shoulder extension/flexion, m3 = horizontal shoulder add-/abduction, m4 = shoulder

internal/external rotation, m5 = elbow extension/flexion, m6 = elbow pro-/supination, m7 = wrist extension/flexion, m8 = hand closing/opening.

Figure A.20: Table S4 - Variability in the assessment parameters measured.
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A.5 Appendix of ChARMin Feasibility

A.5.1 ChARMin Feasibility Study

The ChARMin feasibility study covers different subprojects which will be conducted
over the next five years, involving (out of the ethical application):

1. Feasibility study investigating technical handling and patient comfort. The main
objective is to investigate the usability and applicability of the ChARMin. Inves-
tigated are technical aspects, patient-related aspects, the different control modes
of the device, safety and the software (interface, games, and assessments).

2. Randomized semi-experimental open labeled study investigating the differences
between the three control modes of the device. The main objective is to determine
whether differences between game scores, kinematic and kinetic metrics provided
by ChARMin, additionally applied physiological measures and adverse events
differ when participants train with the free non-supported modus, the assist-as-
needed modus, and the fully supported modus. In addition, we will investigate
what the patient requirements are to train with each modus.

3. The ChARMin has several assessments included, such as Workspace, Quality of
Movement, Range of Motion, Strength and Resistance. The main objective is to
determine the psychometric properties (validity, reliability and responsiveness)
of these assessments.

4. Case series will be performed with the main objective to describe the applica-
tion of the system and changes in upper extremity motor function that these
participants undergo.

5. We plan motor learning experiments to investigate whether children with neu-
rological diagnoses can learn to improve arm and hand task performance during
repetitive training with the ChARMin, are able to retain an improved level of
task performance and are able to transfer improved task performance to a slightly
different task or setting (generalizability).

6. In an observational clinical study, we would like to assess 80-120 children and
adolescents who are being referred from our rehabilitation physicians to im-
prove upper extremity function. The idea is that at a certain time point, the
ChARMin becomes integrated into our program of technologies that comple-
ment conventional occupational therapy. However, as the ChARMin will still
not have received a CE certification, we would like to prospectively assess clin-
ical and ChARMin data of each participant that is referred for training in the
ChARMin. The main objective is to determine whether at a later stage patient
criteria might change (i.e., is a specific patient group being referred for train-
ing with the ChARMin), does the number of adverse events change, do changes
in upper extremity outcomes are still comparable to those observed in the first
series of case studies?
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A.5.2 Feasibility Results - Games

End-Effector Plots for the Airplane Game

Figure A.21: Example of the end-effector path of patient ID5 during the airplane
game. No pressure needs to be applied to play the game, therefore, not a lot of
pressure changes are observable.
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End-Effector Plots for the Spaceship Game

Figure A.22: The spaceship game played by patient ID1, ID3, ID4, and ID5. The
first plots show the end-effector path of (a) patient ID1 with 70 % support and (b)
patient ID3 with 25 % support (there was almost no pressure applied to the bulb
and, therefore, only very small changes in pressure leading to the discretization in the
colored end-effector circles). (c) Patient ID4 played with 60 % support for a rather
short time and in a small workspace and (d) patient ID5 had 0 % support.
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A.5.3 Feasibility Results - Assessments

CIRCLE Plots for Patient ID1 (Test 1)

Figure A.23: CIRCLE Assessment results for patient ID1, test1. The first row shows
the end-effector paths for the three trials together with the sum of differences between
the end-effector position and the reference position. The second row shows the end-
effector paths colored in green when the hand is in front of the target and in red,
when the hand is delayed. Additionally, the percentage was calculated that the hand
was in front of the reference position. The third row shows the ellipses fitted to the
end-effector data and the corresponding ellipse ratios.
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QOM Plots for Patient ID3 (Test 1)

Figure A.24: QOM assessment results for patient ID3. The plots (a) and (b) show
the end-effector paths to the eight different targets. (c) The time to target is the time
needed to move from the start to the target position. In plot (d) the reaction time is
shown which is the time to leave the start position, after the target is displayed. (e)
The number of speed peaks were calculated for the eight different targets. Plot (f)
shows a detailed view of the end-effector speed to the target number 5 and back to
the start. The black lines indicate the peaks detected. The number of peak locations
corresponds to the number plotted in (e) for target 5.
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A.5.4 Ethic Approval
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A.5.6 Wheelchair Placement

Side view Front view

Top view

Figure A.25: This figure illustrates how a wheelchair is placed in the ChARMin setup.
The different views show that the robot can collide with the backrest or armrest of the
wheelchair. Furthermore, handles in the back of the wheelchair can prevent that the
wheelchair can be moved enough backwards and, therefore, a proper positioning of the
shoulder is not possible. The avatar is a simplified model of an 18-year-old subject.
For younger patients with smaller wheelchairs, collisions are even more likely to occur.
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