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1. A robot may not harm a human being, or, through inaction, allow a hu-
man being to come to harm.

2. A robot must obey the orders given to it by human beings, except where
such orders would conflict with the First Law.

3. A robot must protect its own existence, as long as such protection does
not conflict with the First or Second Law.

Isaac Asimov - The Caves Of Steel, p. 177-179, 1942






Zusammenfassung

Die Vision der umfassenden Mensch-Roboter Interaktion in alltdglichen Situa-
tionen, die eine enge Zusammenarbeit von Mensch und Roboter erlaubt, stof3t
bisher noch in unterschiedlichsten Gebieten an ihre Grenzen. Sowohl in der
Perzeption, der autonomen Aufgabenplanung, als auch im mechatronischen
Roboterdesign sind vielfdltige Probleme noch zu l6sen. Des Weiteren gilt es
eine der grundlegendsten Herausforderungen der Mensch-Roboter Interak-
tion zu meistern:

Wie kann sichergestellt werden, dass ein Roboter nicht
in der Lage ist, einem Menschen Schaden zuzufiigen?

Da bisherige Implementierungen und Anwendungen physikalischer Mensch-
Roboter Interaktion zumeist nicht das Stadium prototypischer Laborversuche
verlassen haben, bestand zumeist keine zwingende Notwendigkeit die Sicher-
heit des Menschen in den Mittelpunkt zu stellen. Es scheint nun aber endlich
der Zeitpunkt gekommen, dass erste Systeme technologisch durchaus dazu in
der Lage wiren, die notwendigen Eigenschaften zur Realisierung einer engen
Interaktion bereitzustellen. Diese Tatsache ging nicht zuletzt mit den enormen
Fortschritten in der Rechnertechnik, Sensorqualitdt und Antriebstechnik ein-
her. Die Anforderungen an einen ,,sicheren” Roboter richten sich prinzipiell
an samtliche Teilgebiete der Roboterentwicklung. Im mechanischen und elek-
tronischen Design, in der Regelungstechnik und Pfadgenerierung, als auch
im reaktiven , intelligenten” Verhalten muss eine mannigfaltige Palette and
sicherheitsrelevanten Funktionalitdten Einzug halten. Obgleich die Entwick-
lung dieser Technologien und Methoden ohne Zweifel notwendig fiir eine
solche sichere Mensch-Roboter Interaktion ist, fehlt doch einer der grundle-
gendsten Bausteine, der die Bewertung der oben genannten Verfahren hin-
sichtlich der menschlichen Sicherheit ermoglicht:

Die biomechanische Analyse und Quantifizierung von potentiellen
menschlichen Verletzungen in der Mensch-Roboter Interaktion

Die vorliegende Dissertation beleuchtet das Thema Sicherheit in der physika-
lischen Mensch-Roboter Interaktion von unterschiedlichen Standpunkten aus
und gliedert die Vielfalt an involvierten Themen, wie z.B. das Roboterdesign,
die Analyse von Verletzungen des Menschen verursacht durch Kollisionen mit
Robotern, oder die Regelung zur Interaktion mit dem Menschen in einen glo-
balen Kontext. Sie analysiert unter anderem die von einem Roboter ausgehen-
den potentiellen mechanischen Verletzungsgefahren von einem biomechani-
schen Standpunkt aus und schafft dadurch eine grundlegend neue Sichtweise
auf die Beziehung zwischen Mensch und Roboter. Uberdies werden neuar-
tige Beitrdge zur Kollisionsdetektion und -reaktion, sowie Algorithmen fiir
die reaktive Pfadgenerierung entwickelt, die es dem Roboter erlauben auf un-
vorhergesehene Ereignisse in der Umgebung addquat zu reagieren.



Des Weiteren gibt die vorliegende Arbeit neue Einsichten in die Eigenschaften
und das Potential von intrinsisch nachgiebigen Robotergelenken. Diese in-
novativen Antriebskonzepte haben in den letzen Jahren sehr an Popularitit
gewonnen und werden insbesondere hinsichtlich ihres Potentials fiir die Opti-
mierung der intrinsischen Sicherheit und Performanz von Robotern analysiert
und kritisch beleuchtet.

Zusitzlich zu den grundlegenden wissenschaftlichen Erkenntnissen und Ana-
lysen der Dissertation werden auch Vorschldge beziiglich ihrer Nutzung in
Standardisierungsgremien gemacht. Zentrale Teile der Arbeit haben bereits
ihren Weg in kommerzielle Produkte, sowie in industrielle Realanwendungen
gefunden und werden auch weltweit in Forschungsprojekten genutzt.

Die Arbeit ist folgendermassen gegliedert.

In Kapitel 1 wird der Kontext der Arbeit erldutert. Die grosse Fiille der be-
schriebenen ungeldsten Problemen im Schlussteil des Kapitels zeigt den enor-
men Forschungsbedarf in der physikalischen Mensch-Roboter Interaktion auf
und fiihrt direkt zur Motivation und Beschreibung der Beitrdge der Arbeit.

Kapitel 2 legt den derzeitigen Stand der Technik in der Mensch-Roboter-In-
teraktion dar, um den existierenden Rahmen der Arbeit anhand des heutigen
Stands der Forschung zu erldutern.

Kapitel 3 beschreibt die entwickelten Methoden zur Kollisionsdetektion und
Kollisionsreaktion aus regelungstechnischer Sicht. Sie erlauben es externe Kréf-
te entlang der gesamten Roboterstruktur zu detektieren und in einer sicheren
Art und Weise auf derartige Ereignisse zu reagieren. Die experimentelle Veri-
tikation der Algorithmen erfolgt mit dem DLR Leichtbauroboter III (LBR-III).

Kapitel 4 beschreibt u.a. beim ADAC durchgefiihrte Crashtests, die die Ver-
letzungen des Menschen durch stumpfe Kollisionen mit und ohne Klemmung
in Abhédngigkeit von Robotermasse und -geschwindigkeit thematisieren und
tiefgehend analysieren. Die durch diese Untersuchungen gewonnenen Erken-
ntnisse liefern grundlegende Einsichten in die Verletzungsmechanismen der
Mensch-Roboter Interaktion. Die biomechanischen Grundlagen zur Analyse
von menschlichen Verletzungen, die in Appendix 12 beschrieben werden, sind
der Ausgangspunkt der in der Arbeit vorgestellten Methodik. Sie werden
auch durchgehend genutzt, um die Sinnhaftigkeit und Effektivitdt der jewei-
ligen regelungstechnischen Mafinahmen und Beitrdge hinsichtlich Erh6hung
der real zu bewertenden Sicherheit (im Sinne biomechanisch messbarer Re-
duktion von Verletzungsschwere) zu evaluieren.

Kapitel 5 erldutert und analysiert Weichteilverletzungen mit Augenmerk auf
Schnittwunden und Stichverletzungen anhand verschiedener scharfer und spit-
zer Werkzeuge, die am Endeffektor des LBR-III montiert sind. In diesem Zusam-
menhang wird auch die Effektivitdt der bereits genannten Kollisionsdetek-
tions und -reaktionsmethoden demonstriert.

Ergebnisse der beiden letztgenannten Kapitel wurden in nationalen und in-
ternationalen Standardisierungsgremien zur Definition neuer Normen fiir die



direkte Mensch-Roboter Interaktion vorgestellt und sollen auch in Zukunft di-
rekt fiir die Definition von relevanten Grenzwerten in der Roboterstandardi-
sierung genutzt werden.

Die wichtigste Mafinahme, um das Verletzungsrisiko zu mindern ist natiirlich
eine ungewollte potentiell gefdhrliche Kollision zu vermeiden. Zu diesem
Zweck werden in Kapitel 6 neuartige Methoden zur Kollisionsvermeidung
eingefiihrt. Diese erlauben es dem Roboter sowohl virtuelle als auch physika-
lische Krifte einzubeziehen und somit Kollisionen vorab bereits zu vermeiden,
bzw. bei Kontakt sich von unerwarteten physischen Objekten zu entfernen.

Die Fusion der in der Arbeit entworfenen Methoden zu einem einheitlichen
Konzept fiir die Realisierung eines Roboterassistenten ist in Kapitel 7 darge-
stellt. Es wird aufgezeigt, wie eine hierarchische Sicherheitsarchitektur zur
Kombination der ,Soft-Robotics” Komponenten im Zusammenspiel mit ex-
terozeptiver Sensorik zu einem leistungsstarken System mit diversen Sicher-
heitsstrategien kombiniert werden kann. Zustandsabhéngiges sensorbasiertes
Verhalten erlaubt es hohe Robustheit in partiell unstrukturierten Umgebun-
gen zu erlangen. Das Konzept wurde bereits in zahlreichen Applikationen,
wie z.B. dem DLR Co-Worker, einem kontinuierlich mit dekodierten huma-
nen Motorkortexsignalen gesteuerten Roboter, oder einem EMG!-gesteuerten
Hand-arm System angewendet. Die genannten Anwendungen erfordern eine
enge Zusammenarbeit von Mensch und Roboter und wurden erst durch ihre
vollstdndige Einbettung in die Konzepte zur sicheren physikalischen Mensch-
Roboter Interaktion ermoglicht.

Kapitel 8 diskutiert die Erweiterung der Sicherheitsthematik auf Roboter, die
nicht primér das Ziel der Mensch-Roboter Interaktion verfolgen, sondern zu-
kiinftig menschendhnliche Leistungen erbringen sollen, um den moglichen
Applikationsbereich der Robotik signifikant zu erweitern. Konkret analysiert
wird die ,,Grand Challenge” des RoboCup: Ein Team von Robotern soll im
Jahr 2050 den amtierenden Fussballweltmeister schlagen. Der Begriff Com-
petitive Robotics, der auf die verdnderte Sichtweise und das notwendige Um-
denken zum Thema Sicherheit hinweisen soll, wird eingefiihrt. Wichtigste
Erkenntnis dieses Kapitels ist die Rolle der Gelenksteifigkeit zum Schutz des
Roboters vor hohen Kollisionskriften und insbesondere die Erkennung des
Potentials diese physikalischen Energiespeicher derart zu nutzen, dass die
Performanz des Roboters im Sinne der maximalen Abtriebsgeschwindigkeit
enorm gesteigert werden kann.

Im Laufe der letzten Jahre haben viele Arbeiten den Einfluss der Gelenksteifig-
keit auf die Sicherheit in der Mensch-Roboter Interaktion betont, tiefer gehende
Analysen fehlten bisher jedoch weitestgehend. Kapitel 9 erweitert die ini-
tialen Ansétze aus Kapitel 8 und zeigt systematisch auf, wie dieser wichtige
Baustein des Roboterdesigns sowohl beim Thema Sicherheit als auch im Hin-
blick auf Performancezugewinn zum Tragen kommt. Es werden insbesondere
grundlegende Designaspekte und theoretische Grundlagen zur Ausnutzung
der Gelenksteifigkeit fiir die Geschwindigkeitserhohung gelegt, die anhand

'EMG: electromyography



eines prototypischen Aufbaus verifiziert werden. Diese Fahigkeit deckt des
Weiteren einige problematische Aspekte beziiglich der Sicherheit des Men-
schen auf, da der geschwindigkeitsbezogene Performancegewinn der Sicher-
heit des Menschen naturgemafs entgegenwirkt. Aus diesem Grund wird disku-
tieren, inwieweit das Potential von intrinsisch nachgiebigen Robotern derart
genutzt werden kann, dass dieser Konflikt gelost wird und inwieweit die be-
reits entwickelten Methoden zur Kollisionsdetektion und -reaktion auf intrin-
sisch nachgiebige Robter erweitert werden kénnen.

Abschliefiend werden in Kapitel 10 mit Hilfe der aus der Arbeit gewonnen
Erkenntnisse Vorschldge und Hinweise fiir zukiinftige Standards und Normen
zur Mensch-Roboter Interaktion gegeben, die es ermoglichen sollen, Roboter
objektiv anhand ihres inhdrenten Gefdhrdungspotentials zu untersuchen. Aus-
serdem werden die unmittelbar noch offenen Punkte besprochen, die es in na-
her Zukunft zu analysieren gilt, um sinnvolle Standards zu formulieren.

Schlussendlich sei darauf hingewiesen, dass samtliche Methoden und Anal-
ysen jeweils mindestens anhand einem der anthropomorphen DLR Roboter
DLR-Leichtbauroboter I1I, DLR-Miro und Justin, sowie der Prototypen der DLR
Variable Stiffness Aktuatoren als auch mit Hilfe von industriellen Niedriglast-
bis hin zu Schwerlastrobotern verifiziert wurden.



Abstract

Up to now, state-of-the-art industrial robots played the most important role
in real-world applications and more advanced, highly sensorized robots were
usually kept in lab environments and remained in a prototypical stadium. Var-
ious factors like low robustness and the lack of computing power were large
hurdles in realizing robotic systems for highly demanding tasks in e.g. do-
mestic environments or as robotic co-workers. The recent increase in techno-
logy maturity finally made it possible to realize systems of high integration,
advanced sensorial capabilities and enhanced power to cross this barrier and
merge living spaces of humans and robot workspaces to at least a certain ex-
tent.

In addition, the increasing effort various companies have invested to realize
first commercial service robotics products has made it necessary to properly
address one of the most fundamental questions of Human-Robot Interaction:

How to ensure safety in human-robot coexistence?

Although the vision of coexistence itself has always been present, very little
effort has been made to actually enforce safety requirements, or to define safety
standards up to now.

In this dissertation, the essential question about the necessary requirements
for a safe robot is addressed in depth and from various perspectives. The ap-
proach taken here focuses on the biomechanical level of injury assessment, ad-
dressing the physical evaluation of robot-human impacts and the definition of
the major factors that affect injuries during various worst-case scenarios. This
assessment is the basis for the design and exploration of various measures
to improve the safety in human-robot interaction. They range from control
schemes for collision detection, and reaction, to the investigation of novel joint
designs. An in-depth analysis of their contribution to safety in human-robot
coexistence is carried out.

In addition to this “on-contact” treatment of human-robot interaction, the the-
sis proposes and discusses real-time collision avoidance methods, i.e. how to
design pre-collision strategies to prevent unintended contact. An additional
major outcome of this thesis is the development of a concept for a robotic co-
worker and its experimental verification in an industrially relevant real-world
scenario. In this context, a control architecture that enables a behavior based
access to the robot and provides an easy to parameterize interface to the safety
capabilities of the robot was developed. In addition, the architecture was ap-
plied in various other applications that deal with physical Human-Robot In-



ABSTRACT

teraction as e.g. the first continuously brain controlled robot by a tetraplegic
person or an EMG? controlled robot.

Generally, all aspects discussed in this thesis are fully supported by a variety
of experiments and cross-verifications, leading to strong conclusions in this
sensitive and immanently important topic. Several surprising and gratifying
results, which were registered in the robotics community to great interest, were
obtained.

In addition to the scientific output, the outcome of this thesis attracted also
significant public attention, confirming the importance of the topic for robotics
research.

The major parts and contributions of this thesis are described hereafter in more
detail. Furthermore, the resulting publications which are an outcome of the
work are cited.

Structure of the thesis

Chapter 1 gives an introduction into the general context of the thesis, discusses
the important open problems in physical Human-Robot Interaction, and de-
scribes the major contributions of the thesis.

State of the art

Human-Robot Interaction (HRI) is one of the grand challenges of robotics re-
search. In HRI, contributions in such diverse fields as robot design, control,
manipulation, or human-robot communication have been carried out [75, 204,
131, 121, 43, 193, 26, 190, 286, 218, 299, 132]. Chapter 2 reviews work rele-
vant to ensuring safety to the human. Furthermore, the major cornerstones
in the development of safe and dependable robotic systems, standardization
efforts taken, and the major existing contributions to “safe robotics” are out-
lined. The earliest ones focused on strictly separating the workspace of human
and robot and therefore minimized the risk of any possibly dangerous situa-
tion to occur [28, 81, 129, 240]. In this sense, no cooperation takes place and
most accidents happen during maintenance or an operating error. Other work
initiated risk analysis from a more formal and classical point of view [291].
Further contributions concentrated on realizing collision avoidance schemes
or minimizing the potential risk during collisions based on appropriate mea-
sures [112, 210, 234, 292, 306, 308, 26, 127, 172]. Although several criteria, coun-
termeasures, and control schemes for safe physical Human-Robot Interaction
(pHRI) were proposed in the literature, the main objective of actually quan-
tifying and evaluating them on a biomechanical basis was only marginally
addressed. Since the underlying biomechanical and forensic literature has nei-
ther been reviewed nor fully introduced into the robotics literature, the most
important facts are summarized in Appendix 12.

’EMG: electromyography



Approach taken in this dissertation

The key to this thesis is to make the human the central entity of the evalua-
tion of safety in robotics, i.e. to analyze injuries a human can actually suffer
from direct contact with a robot. It is argued that if the physical properties,
i.e. the biomechanics of the human are not taken into consideration, a realistic
prediction of the resulting human injury or of the benefit of a particular coun-
termeasure is not possible. In recent work, the awareness and importance of
this problem appears to have been realized and some interesting results were
obtained.

In the present thesis, the existence of two contradictory paradigms for han-
dling safety in the context of human-robot interaction is proposed.

1. Human-centered Robotics

2. Competitive Robotics

Safety in the context of Human-centered Robotics basically claims to com-
pletely prevent any harm to humans. This is especially demanded in a typ-
ical domestic environment or in a scenario incorporating a robotic co-worker.
Injuries have to be absolutely avoided despite the desired active physical con-
tact.

Competitive Robotics take a different philosophy: Robots shall reach human
like performance and in principle be able to compete e.g. in the realm of sports.
The most prominent example is the RoboCup competition whose federation
proclaimed the ambitious long term goal that “By mid-21st century, a team of
fully autonomous humanoid robot soccer players shall win the soccer game, in
compliance with the official rule of the FIFA, against the winner of the most re-
cent World Cup.” For such a soccer match between humans and robots to take
place implies physical human-robot interaction, including tackles and fouls
between humans and robots. In the domain of Human-centered Robotics,
robots are designed to cause absolutely no harm to a human. Presumably,
a team of such robots would be placed at a significant disadvantage to win a
soccer mach. The assumption for Competitive Robotics stated in this thesis
is that a human-robot match must not be more dangerous than an ordinary
soccer match.

In order to be able to estimate the resulting injury of a human in the context
of both approaches, a careful injury assessment is carried out. However, be-
fore describing this methodology, a survey on the the novel contributions in
the fields of collision detection, reaction, and avoidance made in this thesis is
given.

Countermeasures during physical contact

A robot sharing its workspace with humans should be able to quickly detect
collisions and safely react to limit injuries due to physical contacts. In the
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absence of external sensing, relative motions between robot and human are
not predictable and unexpected collisions may occur at any location along the
robot arm. In Chapter 3, various algorithms for coping with this problem are
developed and evaluated. Efficient collision detection methods that use only
proprioceptive robot sensors and provide also directional information for a
safe robot reaction after collisions are introduced and validated [48, 86]. Var-
ious reaction schemes to sensed collisions are presented and evaluated on an
objective basis, pointing out the resulting benefits [102, 29]. The outcome of
these methods is already integrated in the new comercially available KUKA
Lightweight Robot [27] and they are considered the key feature to enable safe
pHRI with the robot in entirely new types of applications.

Apart from binary detect of collisions and reacting in a very limited, prede-
fined manner, a combination of reaction strategies provides an intuitive and ef-
fective response to desired physical interaction or unintended collision/clam-

ping.

Injury assessment

During unexpected collisions, various injury sources as e.g. fast blunt impacts,
dynamic and quasi-static clamping, or cuts by sharp tools are present. In
Chapter 4 and 5 various worst-case scenarios in pHRI are discussed and ana-
lyzed according to the following scheme

1. Select and/or define and classify the impact type
Select the appropriate injury measure(s)
Evaluate the potential injury of the human

Quantify the influence of the relevant robot parameters

AT o R A

Evaluate the effectiveness of countermeasures for injury reduction and
prevention

Up to now, attempts to investigate real-world threats via impact tests at stan-
dardized crash-test facilities and to use the outcome to analyze safety issues
during physical human-robot interaction were carried out for the first time in
[96, 94, 92]. In order to quantify the potential danger emanating from the DLR
Lightweight-Robot III (LWR-III), impact tests at the Crash-Test Center of the
German Automobile Club (ADAC) were conducted and evaluated. The out-
come of these dummy crash-tests indicated a very low injury risk with respect
to evaluated injury criteria for rigid impacts with the LWR-III, which was con-
tirmed for various body parts with a series of impact tests with a human. Fur-
thermore, it shows that a robot, even with an arbitrary mass, moving not faster
than 2 m/s is not able to be dangerous to a non-clamped human head with re-
spect to typical severity indices®. These strong statements were confirmed by

3Severity indices are injury measures used in the automobile industry. Head injury assessing
criteria mostly focus on the evaluation of head acceleration.



crash-tests with several industrial robots [93, 97, 104]. After evaluating free im-
pacts between humans and robots, dynamic and constrained impacts at high
robot speeds are analyzed, which are a major source of potential injuries espe-
cially for massive robots [95, 98]. Apart from such dynamic clamping impacts
certain situations were identified in which low-inertia robots such as the LWR-
III could become seriously dangerous as well [95]. They are related to clamp-
ing close to singularities where the robot is able to exert very large external
forces.

In addition to the already described experiments, Chapter 4 interprets a large
experimental campaign of standardized crash-tests with robots of different
weight classes for varying impact situations [103]. It also provides unique
data that leads to fundamental insights into the characteristics of robot-human
impacts [90].

Chapter 5 gives an analysis of soft-tissue injuries caused by sharp tools which
are mounted on/grasped by a robot [88, 100, 101]. An analysis of soft-tissue in-
juries was conducted based on available biomechanical and forensic data and
presumably for the first time in robotics various experimental results with bio-
logical tissue which validate the analysis are presented. Furthermore, the ben-
eficial effect of the collision detection and reaction schemes as possible coun-
termeasures to prevent or at least reduce soft-tissue injury are also analyzed.
Again, the obtained results are confirmed with an experimental human volun-
teer session.

Countermeasures during task execution

In addition to exhaustively discussing and evaluating worst-case scenarios of
human-robot impacts and investigating the design of collision reaction and de-
tection schemes, the thesis proposes and examines two pre-collision strategies
in Chapter 6. They serve as a mechanism to avoid undesired human-robot
collisions while the desired task is retained if possible. The first method is
strictly task preserving in the sense that the geometric desired trajectory is
kept and the robot avoids obstacles or contacts while sliding back and forth
along this path. The second method allows, similar as for industrial robots,
the generation of predefined motion commands by means of desired velocity
and acceleration, as e.g. trapezoidal or sinusoidal path velocity, if no distur-
bance is present. In case of virtual or physical contact the algorithm does not
suffer the usual problem of unpredictable avoidance velocities caused by non-
deterministic disturbances, which is a common problem of other methods. On
the contrary, it is possible to strictly determine the evading/avoiding behavior
in real-time [87, 110, 107]. A key feature of all presented methods is the unified
treatment of virtual and physical forces, which allows the systematic fusion of
avoiding with collision retraction behavior.
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Towards the robotic co-worker

In addition to generating the fundamental scientific basis for robot safety, a
full concept and implementation of a robotic co-worker in an industrially rel-
evant scenario was built up and is described in Chapter 7. Major focus was
placed on understanding how to bring a set of sophisticated control features
to such a degree of integration and versatility that they can be used effectively
in a complex application that incorporates seamless switching between auton-
omy without human presence, physical Human-Robot Interaction (pHRI), and
autonomy under human presence [109, 108]. For this, new concepts on vari-
ous architectural levels of robot design were developed and implemented on
experimental test beds [107, 73, 37]. The resulting state based human-friendly
robot control architecture that unifies the interaction and motion control meth-
ods developed in this thesis was e.g. used for the first robotic hand-arm system
continuously brain controlled by a tetraplegic person [289, 174].

The role of joint stiffness

Based on the evaluation for Human-centered Robotics, Chapter 8 discusses
Competitive Robotics in the context of RoboCup [105] by extending the pre-
ceding analysis that was carried out for physical Human-Robot Interaction.
For this, two matches from the (2006) FIFA World Cup in Germany serve as ex-
amples and are analyzed with respect to scenes incorporating physical interac-
tion. These interactions are related to the results in Chapter 4,5 and sports sci-
ence by imagining what would have happened if one of the opponents in the
scene was a robot. Additionally, important mechanical considerations on how
the robot can endure such interactions and meet the performance needed for
competing with humans are discussed. In particular, the joint torque and ve-
locity data of human athletes is compared to a state-of-the-art robot arm. One
of the major differences from Human-centered Robotics is the much higher
velocity at which impacts would occur, therefore dramatically increasing the
resulting injury level.

Although the protection of the human body has the absolute main priority, the
protection of the robotic structure requires special focus as well since this di-
rectly affects the prospects to effectively react to collisions. Therefore, this the-
sis also discusses and presents results on how novel joint designs contribute
to increasing the robustness and capabilities of a robotic joint [106, 10, 9]. On
the other hand, this part also brings new and unexpected results concerning
the safety benefit obtained by deliberately introducing joint compliance. It is
shown that the possibility to increase safety is definitely present. However, the
injury potential can be much higher compared to a stiff robot. It may be argued
that designing a more compliant robot makes it inherently less safe due to the
intrinsic possibility of energy storage and release in the joint elasticity [89].
Various theoretical and experimental results based on optimal-control theory
are outlined to confirm these claims. They are part for the development of the
the new DLR hand-arm system [63], a fully integrated intrinsically compliant



manipulator system. First results on the control and modeling of these devices
were presented in [17]. As demonstrated in [307] this human inspired actua-
tion paradigm may also be used for implementing human like adaptation of
force and impedance.

Standards

Chapter 10 discusses how the outcome of this thesis can be utilized for fu-
ture standardization efforts in pHRI. The major deficits of current regulations
concerning direct physical HRI are pointed out and several concepts for the
classification of contact types, injury scaling, and systematic crash-testing are
proposed. In particular, an overview of possible injuries, a classification at-
tempt, and related injury severity measures with the goal of assembling a full
image of injury mechanisms in Human-centered Robotics which is missing
completely in the literature up to now is given [95, 99]. Furthermore, a defi-
nition of injury severity tailored to the needs of robotics is proposed. At the
end of the chapter, a clear start for establishing standardized situations, repre-
senting the most important cases that have to be treated for a full blunt impact
evaluation is provided [91].

Finally, the main conclusions of the thesis are drawn and an outlook on future
research directions is provided in Chapter 11.
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Introduction

Figure 1.1: Physical Human-Robot Interaction: The upper left image shows a secene from the robot story
Robbie written by Isaac Asimov. In the lower left a human is equipped with an exoskeleton developed
by Sarcos Inc. [242]. The center image depicts a human interacting with the DLR humanoid upper body
system Justin (middle), the upper right a human attached to a bimanual haptic interface, and the lower
right a human interacting with the LWR-IIL

For more than half a century it was predicted that robots will eventually inter-
act and work closely with humans in diverse everyday environments as well
as support them in industrial scenarios. However, despite large efforts in all
major robotic fields, only recently have robots gained capabilities in both sens-
ing and actuation, which may enable operation in the proximity of humans.
Direct high performance physical interaction became possible without the loss
of speed and payload. Recently, some significant contributions in control, de-
sign, motion planning, and safety were achieved to provide a solid basis for
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physical Human-Robot Interaction (pHRI). These innovations are expected
to lead to entirely new application domains that will require highly flexible
and autonomous robotic systems. Especially

¢ automation of common daily tasks,

¢ support of humans in heavy industrial jobs,

¢ elderly care in elderly-dominated societies,

¢ tasks fulfillment in hospitals and medical care,

¢ rehabilitation robotics,

¢ tele-presence systems during lack or high cost of local human expertise,
* entertainment robotics,

¢ and unmanned warfare with human augmentation

are most likely to form large markets and cause significant impact on the soci-
ety. Apart from terrestrial applications, the use of robots in space applications,
which is the main activity field of the DLR Institute of Robotics and Mecha-
tronics, intends to relieve astronauts from both physical and mental burden
during long and exhaustive tasks. Especially during field work in space, hu-
mans carry out complex and possibly dangerous missions. The use of robotic
technology may significantly improve the efficiency and reliability of the entire
process.

However, despite intense efforts in robotics research numerous “grand chal-
lenges” remain. In order to finally bring robots and humans spatially together
as exemplified in Fig. 1.1 especially the fundamental concern of how to ensure
the safety to the human by all means has to be treated. This major challenge of
robotics was already noted in literature by Isaac Asimov in 1942 [22].

System of interest

4 N A\
Safety-design level Example
£ Potential Safety
threats requirements.

safe physical R —— -
HRI

Application safety “Around the lady”

Safe planning Path planning, velocity profile

Secure data transmission,

HW-level safety design redundant sensors ...

Abstraction level

[ Safe controller design

—J___JCO OO
I

[ Collision detection, reactive control

Safe mechanical design Weight, actuation, . ..

Figure 1.2: Why is the analysis of safety fundamental to robotics? A problem classification and multi-level
safety analysis & design.

Providing safety during human-robot interaction is a multi-faceted challenge
and requires an analysis on various levels of abstraction. Physical Human-
Robot Interaction aims at the coexistence of humans and robots in a common



workspace and at extending their communication modes by physical means.
This spatial proximity leads to a variety of potential threats, determined by the
current state of the system of interest, which consists of the human(s), the
robot(s) and their surrounding environment, see Fig. 1.2. In order to ade-
quately rate the situation, safety requirements based on a careful analysis of pos-
sible injuries a human can suffer are necessary. These safety requirements have
to be integrated into the layers of a multi-level safety design, treating safety
issues on multiple levels of abstraction. Such safety-levels range from formu-
lating requirements on mechanical design, including weight, shape, stiffness,
and actuation, up to high-level commands related to the actions of the robot.
This leads to the need for

safe physical Human-Robot Interaction.

In recent years there has been some effort to solve particular problems of robot
safety, especially in motion planning and design. There have been initial in-
vestigations of robot-human collisions and their related impact characteristics.
The resulting contact forces during the impact phase may be reduced by pur-
suing a lightweight robot design [121], by adding soft visco-elastic covering
to the links [301], or by introducing compliance in the driving system so as to
mechanically decouple the heavy motor inertia from the link inertia [26, 308].
However, these pioneering work can only be regarded as preliminary efforts
towards achieving safe systems. On the standardization side there exist guide-
lines as e.g. [130] which are also only first steps and hardly applicable to real
world pHRI applications.

In order to truly enable future robots to interact and work closely with humans
in everyday environments, as well as to support them in industrial applica-
tions e.g. during complex assembly tasks, there are still numerous open prob-
lems. One of the most fundamental challenges regarding safety is to ensure it
even under worst-case conditions. This means that one is first interested in the
intrinsic properties of robot-human collisions and hereafter quantify, based on
the accordingly gained insight, the potential benefit obtained by control and
motion schemes.

In general, safety in pHRI is still a very new and open topic of research. In
this sense, the thesis lays the ground work for the knowledge in this field
e.g. by analyzing robot-human collisions and investigating numerous aspects
about the worst-case injury humans would suffer from such impacts. Among
other things, numerous interaction control schemes and motion generation al-
gorithms were developed in order to achieve not only insight useful for safer
robot design, but also for safe robot motion control.

Next, a short survey of the major contributions of the thesis is provided.

Contribution of the thesis

The present thesis provides new insights for safe pHRI from various perspec-
tives, forming a holistic and unifying approach to the entire problem. Many of
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Figure 1.3: Impressions from the thesis.

the addressed issues are analyzed and discussed for the first time in robotics
and can be regarded as fundamental contributions to robotics. The human is
put in the center of the investigations, quantifying injury in its enormous va-
riety by means of biomechanical and forensic analysis. This thesis gives also
major theoretical and practical input to establish Safe Robotics by thoroughly
understanding the injury mechanisms behind potentially dangerous or even
lethal situations. For example, the first standardized crash-tests were carried
out with robots by using crash-test dummies or investigate soft-tissue injury
with pig tissue. In addition, a basis for classifying and evaluating the relevant
kinds of injuries in robotics is put together. Such work has been missing until
now in the robotics community and the presented approaches will open doors
in many ways for physical-human robot interaction as part of future service
robots and production assistants. The proposed taxonomy and injury classifi-
cation, together with the rich basis of experimental verification, already gave
inputs to the definition of future norms for human-centered robotic systems.
This gives the ability to formulate recommendations for future robot standards
based on thorough insights. These findings have already attracted large inter-
est from the industrial and from the standardization bodies as a basis to realize
concrete applications incorporating pHRI in real-world scenarios.

A further important contribution of this thesis is the development of new
control schemes for collision detection and reaction algorithms. Their perfor-
mance is showcased in numerous experiments with several DLR robots. They
can especially be used to rapidly detect and react to a possibly harmful colli-
sion or safely cope with intentional physical contact.

Furthermore, novel methods for real-time collision avoidance are elaborated,



which take into consideration virtual and physical forces to circumvent real
and virtual objects. The combination of the aforementioned methods provides
the necessary components for enabling pre-collision, contact, and post-contact
strategies. This complex, together with classical control schemes as e.g. Carte-
sian impedance control, represents all necessary steps to interface a reactive
global motion planner that coarsely provides milestones. It leaves the partic-
ular local behavior in dynamic and partially unknown environments to the
real-time avoidance/collision detection and reaction module.

Finally, all methods are merged into one framework to provide the architec-
tural basics for building robotic systems for physical human-robot interaction,
exemplarily demonstrated in a complex robotic co-worker scenario. An effi-
cient hybrid state based concepts is outlined that use multi-sensor inputs to
generate flexible robot behavior. The underlying concept is to provide task
completion under the absolute premise of guaranteeing safety for the human.

Apart from the immanent and highly topical contributions of this thesis, the
presented biomechanical results are also used for taking a closer look at a vi-
sion far ahead:

Competitive Robotics

This term is introduced to distinguish research fields whose applications re-
quire an absolute no-harm guarantee to the human (co-workers, service robots,
...) from those, whose implementations aim at designing robots that can com-
pete with human capabilities in physical games as e.g. the long-term vision of
RoboCup:

Win against the current soccer world champion with a team of soccer robots
by the year 2050.

This demands careful analysis of the implications on safety such types of robots
would cause. Since they require high physical capabilities to compete with hu-
mans, they are potentially more dangerous than machines designed for human
supportive tasks. One of the major results is that intrinsic joint compliance
turns out to be very beneficial to achieve robustness and performance compa-
rable to humans. Therefore, it is focussed on this aspect and various insights
into the influence of intrinsic compliance and how it can help to achieve Com-
petitive Robotics is provided.

On the other hand intrinsic elasticity is also an active research area nowadays.
It is mainly considered as a promising actuation technology for intrinsic safety.
Usually, it is stated that a clear safety benefit is automatically achieved with
passive compliance. In this thesis it is argued that this is only true for partic-
ular cases and sometimes passive compliance can even increase the potential
danger a robot is able to cause. Novel aspects about their design and con-
trol are elaborated and the methods for collision detection and reaction are
extended to this new kind of robot design. Significant results concerning dy-
namic energy storage and release processes are given, pointing out ways to use
intrinsic elasticity for enhancing the performance of robots based on optimal
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control theory. Furthermore, aspects related to their intrinsic safety properties
during robot-human impacts are analyzed, which give a more differentiated
look into the one-sided discussion in the robotics literature.

Throughout this thesis several demonstrators were built, ranging from sim-
ple test beds to full scale demonstrators, emphasizing the performance of the
taken approaches.

Many results of this thesis have already shown their potential impact not only
in the scientific community but also on general society. There has been pub-
lic interest as well as continuous international press coverage in some of the
most important newspapers, TV shows, magazines, and online portals. This
emphasizes the relevance of Safe Robotics to the society by addressing funda-
mental concerns of the general public regarding robots. At the same time,
the results of this thesis were received with great interest by the international
research community, as well as by the industrial side, and are considered as
core contributions to finally realize pHRI outside restricted lab environments.
Figure 1.3 depicts some impressions from the work performed in this thesis.



State of the art

Human-Robot Interaction has become an important and intensive topic of re-
search in the robotics community and is commonly divided into two major
branches [8]:

1. cognitive and social Human-Robot Interaction (cHRI)

2. physical Human-Robot Interaction (pHRI)

The former combines such diverse disciplines as psychology, cognitive sci-
ence, human-computer interfaces, human factors, and artificial intelligence
with robotics. Cognitive Human-Robot Interaction intends to understand the
social and psychological aspects of possible interaction between humans and
robots and seeks for uncovering its fundamental aspects. The latter deals to a
large extent with the physical problems of interaction, especially from the view
of robot design and control. It focuses on the realization of so called human-
friendly robots by combining in a bottom-up approach suitable actuation tech-
nologies with advanced control algorithms, reactive motion generators, and
path planning algorithms for achieving safe, intuitive, and high performance
physical interaction schemes. In pHRI human safety is of primary concern,
since continuous physical interaction is desired.

However, robot safety was until now, basically an exclusive topic for applica-
tions involving heavy machinery with no physical human-robot interaction.
Robots that would have been capable of direct interaction were still suffering
from technological immaturity. Consequently, current standards are tailored
to exclude the human from the robot workspace and solve the safety problem
by segregation. However, due to several breakthroughs in robot design and
control, first efforts were undertaken recently to shift focus in industrial envi-
ronments and consider the close cooperation between human and robot. This

7
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Figure 2.1: MIT Kismet [30] (left) and Waseda Emotion Expression Humanoid Robot No. 4 Refined II [131]
(right)

necessitates fundamentally different approaches and forces the standardiza-
tion bodies to specify new standards suitable for regulating HRI. A first step
in this direction was taken with the introduction of the ISO 10218 [130].

In this chapter the advances in HRI are reviewed and a short survey on exist-
ing safety standards is given. It is organized as follows. In Section 2.1 a brief
introduction on cHRI is given. In Section 2.2 a more in-depth survey on pHRI
outlines the major achievements in this field. Section 2.3 provides an overview
on robot safety in industrial settings to elaborate the focus of industrial stan-
dards at the current stage'.

2.1 Social and cognitive human-robot interaction

Robots designed for social interaction with people in human-centric terms
have diverse outward appearance, ranging from humanoid to even animal-
like one, see Fig. 2.1.

In contrast to pHRI, their characteristic is that social robots engage people in an
interpersonal manner. They communicate with humans via different channels
as verbal, nonverbal, or affective modalities. For such robots it is important to
communicate and express social-emotional behavior on different modal levels.
For being able to finally close the high-level human-robot loop, the perception
and interpretation of as well as response to human cues, is of fundamental
interest for high intuitiveness. In the following three major sectors of exten-
sive research within cHRI are shortly introduced to explain some conceptional
foundations [258]:

!Please note this chapter gives only an overview and the missing references are completed
in the according chapters and appendices.
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1. Multimodal communication
2. Expressive emotion-based interaction

3. Social-cognitive skills

2.1.1 Multimodal communication

During natural conversations of human beings with each other, nonverbal in-
formation supports the primary linguistic information. These paralinguistic
cues support the smoothening and regulation of interpersonal communica-
tion. Currently, several robotic systems have already gained quite advanced
paralinguistic and linguistic communication capabilities [75, 204] enhancing
the ability of early humanoid robot systems as WABOT and WABOT-IIL. These
tirst generation designs were already able to carry out simple conversations
[256, 152].

2.1.2 Expressive emotion-based interaction

In order to be capable of emotion based interactions, social robots must be ca-
pable of recognizing and correctly interpreting affective signals from humans.
Furthermore, they have to posess their own internal models of emotion and
need to be able to communicate this to others.

Two of the most successful designs are Kismet [30] from MIT (Fig. 2.1 (left))
and the Waseda Emotion Expression Humanoid Robot No. 4 Refined II [131]
from Waseda University (Fig. 2.1 (right)).

2.1.3 Social-cognitive skills

Understanding and interacting with animate entities, characterized by having a
mind and body is one of the most fundamental requirements of social robots.
Their ability to recognize, understand, and predict human behavior in terms
of underlying mental states (beliefs, intents, desires, etc. ). In psychology this
ability is called theory of mind. Estimating the human state is a large research
topic and its role in robotics has e.g. been addressed in [158].

After this short introduction to cHRI a more detailed overview on pHRI is
given to help familiarize with the fundamental differences of these comple-
mentary branches.

2.2 Physical human-robot interaction

In this section an overview of control, mechanical design, planning, and safety
in physical Human-Robot Interaction is given. The central cornerstones achieved
in these fields are outlined. For brevity, however, the efforts that were made in
the field of dependability are omitted (see e.g. [83, 84]).
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Figure 2.2: Desired mechanical behavior expressed by mass-spring-damper.

2.2.1 Control

The goal of robots and humans coexisting in the same physical domain poses
various fundamental problems for the entire robotic design. Unlike their clas-
sical counterparts, these robots take into account for the hardware design, con-
trol, and planning that the environment is partially unknown. Such a robot
cannot simply move along computed trajectories without concern for external
forces, but must react to unexpected contact with the environment. Therefore,
it is usually equipped with proprioceptive sensors, such as Cartesian force-
/torque and joint torque sensors [121, 43] and/or tactile arrays resembling a
sensitive skin (especially for hands [142]). Alternatively, backdrivable motors
can be used to passively react to external forces [279].

In order to incorporate reactions to external forces the concept of force control
has been an active topic of research with initial work in [296, 297], leading to
schemes for hybrid position/force control by Craig and Raibert [47]. Paul and
Shimano introduced compliance control [226] and Salisbury the conceptually
equivalent stiffness control in [241]. However, the most widely used control
approach to physically interact with robots is probably impedance control and
its related schemes, introduced in the pioneering work of Neville Hogan [124]
and extended to flexible joint robots in [79, 16, 309, 15, 215]. This type of con-
troller imposes a desired physical behavior with respect to external forces on
the robot. For instance the robot is controlled to behave like a Cartesian second
order mass-spring-damper system, see Fig. 2.2.

Fext = Mx(X — )"(d) + Dx(X — Xd) + Kx(X — Xd)7 (21)

where x,x,; € RS are the current robot and desired tip position, Fex € RS is
the external wrench and M,, K,, D, € R%%6 are the desired Cartesian inertia,
stiffness, and damping tensors. Consequently, impedance control allows to
realize compliance of the robot by means of active control.

Interaction with an impedance controlled robot is robust and intuitive, since
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Figure 2.3: The DLR Lightweight Robot III [121] (left) and the Barrett WAM Arm (right) [279].

in addition to the commanded trajectory, a disturbance response is defined.
A major advantage of impedance control (with impedance causality) is that
discontinuities like contact-non-contact do not create such stability problems
as they occur with for example hybrid force control [47]. However, many open
questions still have to be tackled from a control point of view, such as how to
adjust the impedance parameters according to the current task.

2.2.2 Human-friendly mechanical design
Apart from the aforementioned control problems, mechanical design plays a
fundamental role in safety. Especially, lightweight design is a major require-

ment for human-friendly robots. Generally, two major design approaches for
light-weight robots can be isolated today [119]:

1. A modular mechatronic approach and

2. atendon actuation approach.
They have following main characteristics in common:

o Light-weight structures: Lightweight, high strength metals or composite
materials are used for the robot links. Moreover, the design of the entire
system (controllers, power supply) is optimized for weight reduction to
enable mobility.

¢ Low power consumption: This is achieved by small moving inertias and is
relevant for both safety and efficiency.
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Figure 2.4: The humanoid Wendy of Waseda University [193] (left) and the Variable Stiffness Actuator of
University of Pisa [26] (right).

In case of modular mechatronic robots the electronics are usually integrated
into the joint structure for allowing highly modular units. Such a design en-
ables the assembly of different kinematics with increasing complexity. This
property is also highly desirable for mobile robotic applications. From the
actuator side high power/torque at moderate velocity motors and high trans-
mission ratio gears are used. Apart from these design and actuation character-
istics the modular mechatronic design is also using additional sensors as e.g.
joint torque, force, and current sensing in addition to position sensing only.

The class of tendon-actuated light weight robots have three main character-
istics. First, the actuators are located in the robot base. This reduces the
weight of moving parts for a fixed base manipulator. In order to actuate the
joints remotely from the base a cable-pulley system is used. Finally, low re-
duction ratios are used for keeping the system backdriveable. Generally, the
benefits of light-weight robots are obtained at the price of higher elasticities
in the joints and the structure leading to a more complex dynamic behavior
[49]. In this sense joint elasticity has long been addressed for light-weight
robot systems, however more as an undesired consequence that the control
has to handle [121, 11]. This requires advanced control techniques in order to
obtain accurate, performant motion. The most successful design approaches
include the DLR Lightweight Robot III [121, 11] and the Barrett WAM Arm
[279], see Fig. 2.3. Series Elastic Actuation (SEA) [233] is an actuator design
that represents a different approach. An elastic element with constant stiff-
ness is deliberately introduced between motor and link. It is result of a trade-
off between position high control bandwidth and stable high performance
force control. Furthermore, the intrinsic elasticity is used for shock absorp-
tion. An interesting and promising paradigm currently regaining attention
in robotics design is antagonism [278, 286], or more generally variable stiff-
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Figure 2.5: The elastic strips framework of Stanford University [33] (left) and the human-aware motion
planner of LAAS [260] (right).

ness/impedance actuation (VSA/VIA), see Fig. 2.4. Early implementations
were carried out in [167, 151, 193]. The idea is to realize joint compliance not
by means of control but via adjustable intrinsically compliant joints, inspired
by the unquestionably successful design of human and animal muscles. The
design and control of such systems were addressed in numerous publications
[193, 26, 190, 286, 218, 299, 132].

Due to increased mechanical system complexity for such lightweight and/or
compliant systems, higher sensor and component requirements are given com-
pared to industrial robots.

2.2.3 Motion planning and obstacle avoidance

Conventional robot motion planning is typically an off-line process that de-
termines a feasible path (and a dynamically feasible timing), if one exists,
connecting an initial and a final arbitrary robot configuration while avoiding
obstacles. Generally, complete knowledge of the geometry of the static envi-
ronment is assumed. For high-dimensional configuration spaces (robots with
many degrees of freedom) in crowded environments, the search for a feasible
path is very complex and time-consuming. Recently, probabilistic and ran-
domized approaches have been developed to tackle this curse of dimensional-
ity [141, 125, 168].

The intrinsic nature of service robotics is to deal with unstructured, time-
varying environments, for which a model is not available. This is to a large
extent due to the unpredictable motion of human users. Therefore, the in-
tegration of a sensor-based on-line reactive component into a global off-line
motion plan becomes mandatory. Various sensors can be used to acquire local
information about the relative position of the robot with respect to the human
user [112] or to other robots. Based on this, the motion planner should locally
modify a nominal path so to achieve collision avoidance under the current
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Figure 2.6: CARE, introduced in [238, 239] and enhanced in [71], calculates Cartesian collision avoidance
accelerations (left) and is applicable to multi-robot systems (right).

task goal. Several reactive motion planning approaches exist for this purpose
[210, 234, 292, 306]. Nonetheless, path planning with reactive collision avoid-
ance was mostly investigated in the field of mobile manipulators [306], [209].
A typical task to be fulfilled is to avoid obstacles with or without (partial) task
consistency. The obstacles are either known beforehand or suddenly appear,
thus necessitating quick response times.

Many collision avoidance methods base on artificial potential fields are intro-
duced in [144], and their algorithmic or heuristic variations in [258, 306, 209].

A virtual repulsive potential is assigned to each known obstacle and an attrac-
tive potential to the desired goal configuration. This leads to a directed motion
towards the goal while avoiding the obstacles in a reactive fashion. In [209],
e.g., the method is applied for the translative motion of a mobile base and in
[306] for a manipulator mounted on a mobile base alone. Despite one of its
major deficits, namely its possibility to get easily stuck in local minima, this
method is popular. Its fast calculation time within the low-level controller cy-
cle of the robot is a well known benefit. One possibility to overcome the local
minima drawback is presented with the circulatory fields, introduced in [259].
Each obstacle is attached with a circulatory field, similar to that of a electrical
charge in a magnetic field. While this field will then drive the path around
the obstacle, this method will not be able to find optimal solutions, but it is
far less prone to get stuck in local minima. Furthermore, the potential fields
can be extended from a virtual point-shaped particle associated with the robot
endeffector to various 3D-objects. These are able to change their orientation
accordingly to avoid obstacles [191].

Other promising principles of combining a global path planner with a local
collision avoidance strategy are the Elastic Strips [33] or the preceeding Elas-
tic Bands [235]. A global path planner searches for a path around the known
obstacles, and unforseen hindrance can then deform the planned path as if it
was a rubber band, while avoiding known obstacles remain possible. The lo-
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cal motion deviations are performed in a task-consistent manner, leaving pri-
mary (Cartesian) task execution possibly unaffected by obstacle avoidance, see
Fig. 2.5 (left). If the modification to the trajectories are given in the operational
space, there is the need for an appropriate inverse kinematics system to give
the reference values for the velocity /force controllers of the manipulator, pos-
sibly considering kinematic redundancy and/or dynamic issues. However, in
case of an impedance controlled robot this becomes obsolete (not the appropri-
ate redundancy resolution). The elastic strips and elastic bands, however, are
computationally more complex, so that they cannot run in the inner most con-
trol loop. Therefore, they increase the time lag until a reaction to an obstacle
initiates.

Instead of applying potential field methods in the Cartesian space, one could
also apply them in the configuration space (C-space) of the robot [292]. Still,
since calculations in the C-space is computational complex, this method is
practically only applicable for offline planning, and therefore offers no reactive
behaviour. This method, however, is able to find valid paths, where Cartesian
space based potential field methods will fail. Further related approaches are
the Harmonic Potential Fields that are discussed e.g. in [243, 244, 147, 179].
Their most important property is that they solve the problem of local minima
by having none.

A general overview of classical motion planning techniques for reactive plan-
ning is given in [163], where the work of Jean-Claude Latombe and co-authors
on discrete potential fields is reviewed as well.

A concept proposed in [238, 239] is CARE, which uses a measure (gauge) for
collision danger that is based on inherent robot properties (maximum joint
accelerations) and calculates the avoidance acceleration to circumvent objects
based on closest distances and relative velocities. Via the required Cartesian
avoidance acceleration %¢ 4 p of the Collision Avoidance Point (CAP)? the cor-
responding joint acceleration to be commanded to the robot are obtained. The
basic scheme was extended in [71].

In [260] a human aware mobile robot motion planner is considered, which
incorporates humans accessibility, their vision field, and their preferences in
terms of relative human-robot placement. However, human dynamics are ba-
sically excluded from the analysis, see Fig. 2.5 (right).

A different approach focussing on increasing safety is given in [284]. Given a
collision free path, a so called proxy acts as an attractor which slides along the
path, yet having its own dynamics, therefore smoothing out discontinuities
of the given path. The robot is then connected to the proxy by a PID like
controller. This combination allows for a safer, gentle path-following robot,
avoiding sudden jerky motions.

*This is the point on the robot structure that is endangered the most by the obstacle.
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Figure 2.7: The prediction of HIC for blunt robot-human as originally published in [308] (left). The concept
of Variable Stiffness Actuation (VSA) as proposed in [26], which allows the joint elasticity to be a controlled
variable during execution of the task (right).

2.24 Quantifying human safety

The first work to investigate the measureable influence of robot-human im-
pacts was [301]. The authors evaluated the human pain tolerance on the basis
of human experiments. In this work the somatic pain was considered as a
suitable criterion for determining a safety limit against mechanical stimuli.

Pioneering work on human-robot impacts under certain worst-case conditions
and resulting injuries was carried out in the two independent works [26] and
[308], evaluating free rigid impacts at a robot speed of 1 — 2 m/s, see Fig. 2.7.
Both contributions introduced new compliant joint design concepts and made
the first attempt to use the so called Head Injury Criterion (HIC) [287] to quan-
tify the injury potential during occurring collisions. The HIC is defined as

1 to (%)
HI = At | — X .
C36 InAalJeX t (At /tl XHdt> (2 2)
Atmax = max{ty —t1} < 36 ms,

where % € R? is the human head acceleration®.

Further aspects concerning safety in human-robot interaction were introduced
in [127], see Tab. 2.1. In this work several danger indices were proposed based
on the design properties of the robot. In [111] a control scheme was developed
to limit the impact force of a robot by restricting the torque commands. [172]
introduced various design aspects for a mobile robot with physical compliance
introduced in its trunk and a passively movable base, see Fig. 2.8. [157] devel-
oped an integrated human-robot interaction strategy incorporating a defini-
tion of danger by means of reflected inertia, relative velocity, and the distance

*More information on the HIC and other severity indices is given in Appendix 12.
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Table 2.1: Safety design strategies and danger-indices [127].
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Figure 2.8: Conceptual model of a human-friendly robot as described in [172].
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Figure 2.9: FEM simulations for crash testing evaluations [207].

between human and robot. Recently, [207] utilized FEM simulations for an
evaluation of robot-dummy impacts with an industrial robot, see Fig. 2.9. Ear-
lier work presented in [280] focused on a more abstract injury classification.
The authors presented a first classification and hazard analysis. In particular,
they assumed the human to be exhaustively protected for the given concept.

Next safety standards in industrial robotics are shortly summarized.

2.3 Robot safety in industrial robotics

For both the traditional industrial and newer service robot applications safety
is one of the biggest concerns. Earlier in industrial settings the robots had
to be separated from the humans by fences. Recently so called collaborative
modes have been added to the relevant standards allowing, for example, hand
guiding in automatic mode. However, the possibilities of collaboration for in-
dustrial use remain constrained and service robots are not covered adequately
by current standards.

Manufacturers and users of robot technology have to obey numerous laws
and standards. Generally, every machine has to follow the machinery direc-
tive 2006/42/EC. Standards derived from this law help the robot developer to
adhere to the directive.

The ISO 10218 defines the current standards for industrial robot safety, in-
cluding lists of causes of hazards. Safety related elements are explained as
e.g. workspace boundaries, cladding, and control mechanisms as emergency
stops, electrical connections, or confirmation buttons. Furthermore, it states
that one of the following conditions always has to be fulfilled for allowing
human-robot interaction: The TCP/flange velocity must be < 0.25 m/s, the
maximum dynamic power < 80 W, or the maximum static force < 150 N.

ISO 13849-1 addresses all safety relevant parts of the control system, helps
identify safety requirements by providing safety categories and specifies how
to fulfil the requirements. According to their dependability, safety related el-
ements of the controller are classified into five categories, describing the fault
tolerance level of the system. The particular grading depends on injury sever-
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ity, occurrence and/or duration of hazard exposure, and the possibility to
avoid danger.

A prerequisite for operating a machine according to 2006/42/EC is to perform a
risk analysis and a risk assessment, for which ISO 14121 provides guidelines.
Apart from these standards, there exist others, which can be used for particular
cases.

Although ISO 10218 gives some initial guidelines for human-robot interaction,
there are still numerous open issues to be addressed. In this sense, some recent
efforts are made to close the gap and define the necessary limits regarding
biomechanical injury limits or safety requirements for sophisticated control
methods as e.g. in the ISO/TC 184 / SC 2 committees/working groups for

¢ personal care safety and

® gervice robots.

As a result, a committee draft has been compiled on Robots and Robotic Devices
- Safety Requirements - Non-Medical Personal Care Robot.
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Soft-robotics control

Accidental collisions that may harm humans should be avoided by anticipat-
ing dangerous situations. The effects of physical collisions should be miti-
gated by having the robot react promptly so as to recover a safe operative
condition. In the pre-impact phase, collision avoidance is the primary goal and
requires (at least, local) knowledge of the current environment geometry and
computationally expensive motion planning techniques. Anticipating initiat-
ing collisions or recognizing them in real-time is typically based on the use of
additional external sensors, such as sensitive skins [178], onboard vision [60],
strain gauges and force load cells.

In the post-impact phase, the first task is to detect the collision occurrence, which
may have happened at any location along the robot arm. The controller should
then promptly react with an appropriate reaction strategy. The simplest is to
stop the robot. Less expensive solutions are able to detect a collision without
the need of additional sensors. A rather intuitive scheme is to compare the
commanded torque (o1, the current in an electrical drive) with the nominal
model based command (i.e., the torque expected in the absence of collision)
and to look for fast transients due to possible collision [302, 275, 271]. This ap-
proach has been refined by including adaptive compliance control [192, 153].
However, tuning of collision detection thresholds in these schemes is diffi-
cult because of the highly varying dynamic characteristics of the commanded
torques. Moreover, their common drawback, even with fully identified robot
dynamics, is that the inverse dynamics computation for torque comparison is
based on acceleration estimates. This introduces inherent noise (due to nu-
merical differentiation of velocity or position data) and/or an intrinsic delay
in a digital implementation. A detection scheme for similar conditions and
avoids the above drawbacks has been recently proposed in [52]. Collisions are
viewed as faulty behaviors of the robot actuating system, while the design of a
detector takes advantage of the decoupling property of the robot generalized

21
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momentum [50, 160]. Moreover, this detection scheme is particularly conve-
nient for switching control strategies, since it is independent from the control
methods used to generate the commanded motor torques.

In this chapter new collision detection and reaction schemes are developed,
which are compared with respect to their ability to quickly and robustly de-
tect collisions and adequately react to them. The algorithms range from basic
schemes to nonlinear observer structures. They are evaluated in simulation
and experiment for gathering an insight into their capabilities and drawbacks.
Furthermore, a method based on the estimation of external torques, which
makes it possible to push a robot back and fourth along a desired trajectory
was designed. Prior to introducing and evaluating these schemes, some pre-
liminaries of robot dynamics modeling, the mechanical design properties of
the LWR-III, and its basic control schemes are surveyed.

The chapter is organized as follows. Section 3.1 outlines the formulation of
robot dynamics for the rigid body and flexible joint case, while Sec. 3.2 de-
scribes the control schemes of the LWR-III. Section 3.3 and Sec. 3.4 give the the-
oretical background for the proposed collision detection and reaction schemes,
whereas Sec. 3.5 provides extensive evaluation of the proposed methods.

3.1 Robot dynamics and modeling

In the following the modeling of a rigid robot and the incorporation of colli-
sions with the environment into the formulation are described. The descrip-
tion is then extended to the case of flexible joints, characterized by a constant
but non-negligible elasticity between motor and link inertia.

3.1.1 Rigid joint model

First, robot manipulators are considered as open kinematic chains of rigid bod-
ies, having n (rotational) rigid joints.

Contact-free dynamics

The generalized coordinates q € R™ can be associated to the position of the
links. The dynamic model is [196]

M(q)q +C(q,q)q +g(q) = Tm + TF = Tot, (3.1)

with q € R" being the link position, M (q) € R"*" the symmetric and positive
definite inertia matrix, C(q,q)q € R" the centripetal and Coriolis vector, and
g(q) € R" the gravity vector. 7,,, € R" is the motor torque, 7 € R™ the motor
friction torque, and T,; € R™ the sum of active and dissipative torques.

From the skew-symmetry of matrix N(q,q) = M(q) — 2C(q, q) it follows that

M(q) = C(q,q) + C(a,a)". (3.2)
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This property is directly derived from M (q)—2C(q, q) = —(M(q)—2C(q,q))"
(definition of skew symmetry). A proof of the skew-symmetry of M(q) —
2C(q,q) can be found in most standard robotics textbooks as [196]. The total
energy I of the robot is the sum of its kinetic energy 7" and potential energy U
due to gravity:

E=T+U= %qTM(q)q + Uy(q), (3.3)
with g(q) = (0U,(q)/0q)T. From (3.1) and (3.2)
E= qTT tot (3.4)

can be derived, which represents the power balance in the system. This prop-
erty can be shown by elaborating (3.3).

. 1. A R .1 . oU .
E = §qTM(q)q + §qTM(q)q + §qTM(q)q + %(q)q (3.5)
q
1. P L
= §qTM (q)d + §qTM (q)d + §qTM (@)d +d"g(q) (3.6)
= ¢ M(q)g+ quM (@)a+ a’ g(q) (3.7)

Since M —2C(q,q) = N(q,q), M may be expressed as N(q, q)+2C(q, q).Inserting
this into (3.7) gives

E = ¢"M(qa+ %QT(N (a,q) +2C(q,q))a + 4" g(a). (3.8)

Furthermore, due its skew-symmetry following property holds for N.
w'N(q,q)w =0 (3.9)

for any (n x 1) vector w. This may be derived from the definition of a skew-
symmetric matrix: A is skew symmetric if A = —A”. This can be written
as w/' Aw = —w! ATw, which can be transformed into the form of (3.9). In
particular, this condition leads to ¢ N(q, §)q = 0. In turn Fis

B o= "M@+ 5d" (V@) +20( @)+ dgla)  (310)

= +4" (M(q)d+C(q,4)q + g(a)) (3.11)
= @ Tior. (3.12)

The generalized momentum of the robot is defined as
p=M(q)d. (3.13)

Using (3.13), (3.1) and (3.2), the time evolution of p is given by

p = M(Q)d+ Mg (3.14)
= Tt — Cla,@)q—g(q) + Mg (3.15)
= Tt — C(q,@)q + Cq, a)a + CT(q,q)q — g(a) (3.16)
= Tt +C7(q, )4 — g(a). (3.17)
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The derivation of the i-th component of p takes advantage of the robot La-
grangian
L=T-U = ;d" M(a)d -~ Uy(a) (3.18)
Define the manipulator Hamiltonian as
H:=plq-L. (3.19)

Hamilton’s equations of motion are [170]

q = g—i (3.20)
—p = %—Z—nm. (3.21)
This yields
b = 5 M @P) 8@ + T 62
= e (M@ @M(@) ~g@) T (23)
— e (@ M(@)4) - g(@) + T .29

Due to the fact that g7 M(q)¢ is skalar one may write for the i—th row

. 10 . .
Di = Ttoti — 58—%01TM(01)01 - gi(q) (3.25)
1.70M(q).
Ttot,i — §QT%Q - gi(Q)7 (3.26)
fori = 1,...,n. The components of the generalized momentum are thus de-

coupled with respect to the torques acting on the right-hand side of (3.1).

Next, the case of contact along the robot structure is considered.

Cartesian collision

During normal operation, the robot arm may collide with a standing or mov-
ing person/obstacle in its workspace. For simplicity, it is assumed that there
is at most a single link involved in the collision. Let

- _ | Ve| _ Jc,lin - : 6
XV-LJ—[%MJq—kmm€R (3:27)
be the stacked vector of the linear velocity at the contact point and the angular
velocity of the associated robot link (the screw). x. and the (geometric) contact
Jacobian J.(q) are unknown in advance. Accordingly, the Cartesian collision
forces and moments are denoted by

Foxt = [fe"t ] € RS, (3.28)

Mext



3.1. ROBOT DYNAMICS AND MODELING 25

When a collision occurs, the robot dynamics (3.1) become

M(q)q + C(q, q)q + g(Q) =Tm + TF + Text = Ttot (329)

with Ty, € R" being the external torque!, which is associated to the (general-
ized) Cartesian collision force Fex; by

Text = J2 (Q) Foxt- (3.30)

In the next subsection the rigid body robot model is extended to the flexible
joint case, taking into account elasticity in the joints, which could be due to
compliance in the gears or in a joint torque sensor, etc..

3.1.2 Flexible joint model

Tm KJ Text
s (AN v
~—

l—» TJ l—»

0 a

Figure 3.1: 1-DoF model of a flexible joint robot.

For lightweight design manipulators such as the LWR-III? it is not sufficient
to model the robot by a second-order rigid body system as described in the
preceding subsection. In case of the LWR-II], e.g., the non-negligible joint elas-
ticity between motor and link inertia due to the Harmonic Drive gears and the
joint torque sensor has to be taken into account into the model equation. The
1-DoF case for such a flexible joint is depicted in Fig. 3.1. For a flexible joint
robot the following model can be assumed [263]:

M(q)g+Cla,@)a+gla) = Tj+DjK;'F+ Texp =Tt (3.31)
BO+T1;+DyK; ) = Ty —Tr (3.32)
T; = K;(0-q), (3.33)

with 8 € R" being motor side position, 7; € R" the joint torque, K; =
diag{k;;} € R™*" the diagonal positive definite joint stiffness matrix, D; =
diag{d;;} € R"*" the diagonal positive definite joint damping matrix, and
B = diag{b;} € R"*" the diagonal positive definite motor inertia matrix.

'Whether the external torques appear on the left or right side varies in the chapter. The
choice is made for convenience in the particular context.
2For details on the robot, please see Sec. 3.2.
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Equation (3.31) has basically the same properties as (3.1) and is coupled via
7o = K;(0 —q) + DJ(9 -q) =715+ DJKjlv'-J, which is the elastic force
transmitted through the joints, to the motor dynamics. For a more complete
overview on the properties of flexible joint robots please refer to [49].

3.2 Unified control for the LWR-III

Since the LWR-III is extensively used as a reference platform in this disserta-
tion, some technical details of the LWR-III and the underlying unified control
algorithms for joint and Cartesian space are presented in the following. These
make use of the previously discussed flexible-joint formulation.

3.2.1 The DLR Lightweight Robot III

LWR-I LWR-II LWR-III KUKA LWR

Figure 3.2: The generations of DLR light-weight robots (LWR-I, LWR-II, and LWR-III) and the commercial-
ized version (KUKA LWR).

Figure 3.2 shows the history of the DLR Lightweight robots, resulting in its
commercialized version: the KUKA Lightweight Robot (KUKA LWR). Apart
from minor modifications, this manipulator has exactly the same design as
the 3" generation of the DLR Lightweight robots (the LWR-III). The DLR
Lightweight-robots are kinematically redundant, 7-DoF, joint-torque controlled
flexible joint robots. The current version is the result of 15 years of research that
produced three consecutive generations. Since the LWR-III weighs 13.5 kg and
is able to handle loads up to 15 kg, an approximate load-to-weight ratio of 1 is
achieved?®. The robot is a modular system and the joints are linked via carbon-
fiber structures. The electronic parts, including power converting elements are
integrated into the structure of the arm. Each joint is equipped with a motor
position and a joint-torque sensor. Additionally, a 6-DoF force sensor is em-
bedded in the wrist. In Figure 3.2 the robot is depicted in a configuration with

*Please note that the nominal payload for the KUKA LWR is 7 kg, but it is able to handle up
to 15 kg for research purposes.
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Cartesian task
1—-10ms

FaSt Cartesm taSk - '-J
1ms

t t 1 ms bus t t
Joint task k= max k=0
0.33 ms

Figure 3.3: Control architecture for the LWR-III according to [14].

no tools being attached. Each joint is electrically isolated from the following
one and they communicate via a fiber optical bus system with each other. All
electronics, motors, and gears are integrated into the arm, which makes the
robot very compact and portable.

3.2.2 Control architecture

Prior introducing some theoretical basics in the next subsection, the hierarchial
control architecture of the robot, which was introduced in [13] is depicted in
Fig. 3.3. The motor is assumed to be an ideal torque-source and thus torque
is the interface to subsequent controllers. The motor control cycle is 25 us.
Further control components are on a Cartesian or joint level, whereby the con-
trollers on joint level are subdivided into local or central ones. Local joint
control runs on one DSP board per joint at a cycle time of 330 is. Central joint
control with 1 ms cycle time can be used as well. Thus, new controllers which
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include the full model of the robot can be implemented easily. Cartesian con-
trol is also running at a cycle time of 1 ms in the most recent implementation.
In general, the following types of controllers are implemented on the robot:

¢ Impedance control

e Admittance control

Stiffness control
e Position control

¢ Torque control

Forward kinematics, robot dynamics, and inverse kinematics are also calcu-
lated at 1 ms cycle.

After this short introduction of the control architecture, some theoretical back-
ground of the torque control strategy of the LWR-III is surveyed.

3.2.3 Implementation in joint space

With the additional measurement of the joint torque 7 ; in the LWR-III a low-
level torque control loop can be implemented, as described in [7]. The overall
goal is a full state feedback controller acting on position, velocity, joint torque,
and joint torque derivative

Tm = —KpO—Kpb+ Kr(g(as) —77) — Kst7 +g(aa), (3.34)

with 8; € R" being the desired motor position, qq € R" the desired link po-
sition, g(qq) € R™ a gravity compensation term, and Kp, Kp, K7, Kg positive
definite diagonal gain matrices. The motor position error § = §—8,; is obtained
from the desired joint position by calculating the desired motor position

0= a4 — K;'g(qa). (3.35)

However, the selection of stable controller gains that at the same time provide
sufficient performance is not straight forward. In [15] a combination of joint
torque control with a superimposed position control structure was proposed,
which provides the desired capabilities. The chosen equations for the joint
torque feedback and position PD-controller are

Tm = BBy'u+(I-BB,")(1,+ D;K;'7;) (3.36)
u = —Ky(0—04) — Deb +g(qa), (3.37)
with By = diag{bg;} € R"*" being the diagonal positive definite desired mo-

tor inertia matrix with by; < b;. Ks € R"*" is the diagonal positive defi-
nite desired stiffness matrix, Dy € R"*" the diagonal positive definite desired
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damping matrix, and u € R" is a new input variable, which is given by the de-
sired joint position controller. Together with (3.32) the torque controller (3.36)
can be written as (friction is neglected)

u=Bgd+7;+ DK 7. (3.38)

The physical interpretation of (3.38) is that seen by a new input u the princi-
pal structure of the motor dynamics remain, while the motor inertia is scaled
down from B to By. In other words, the actuator kinetic energy is shaped.
In order to achieve good joint torque damping a slightly modified version of
(3.36) can be used.

TmBBy'u+71;+ D;K;'7; — BBy (DK '), (3.39)

where D; is the independent diagonal joint torque derivative gain matrix D;.
Similar to (3.38) the physical interpretation may be written as

u=Byb+71,+ DK 7. (3.40)

Limited by sensor noise the motor inertia ratio ByB~! can be chosen between
4 and 6 for the LWR-III. In order to achieve the desired full state feedback
controller (3.34), (3.37) are inserted into (3.36). This leads to

Tm = —BB;'Ky0 — BB;'Dyd + BB, 'g(qy) (3.41)
—(BBy' — 7+ g(aa) — g(aa), (3.42)

which can be written as

Tm = —BB;'K¢0— BB, Dy0+ (BB;' —I)(g(aq) —T;) (3.43)
—(BBy ' =)D K% + g(aa), (3.44)

with

Kp = BB;'Ky
Kp = BB,'Dy
Kr = BB,' -1
Ks = (BB,'-1)D;K;" (3.45)

For the torque control loop given by (3.39) K changes to Kg = (BB, 'D;s —
D)K. With this interface different types of controllers can be implemented
on joint level. Depending on the selection of the controller matrices (3.45)
stiff position control or joint impedance control can be obtained (alternatively
torque control with gravity compensation). However, while this structure per-
forms well for joint position control, there are two drawbacks for impedance
control. First, minimal values for Ky, respectively Kp, need to be ensured as
the gravity compensation depends on the desired link position. This would
prevent to implement zero stiffness. Furthermore, controllers of type (3.37) are
only able to realize a desired stiffness relation locally. For details on this, the
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passivity based stability proof!, and certain extensions of the controller that
increase performance via gain scheduling please refer to [15].

Next, the Cartesian impedance controller of the LWR-III is described.

3.2.4 Implementation in Cartesian space

The desired impedance behavior of a robot is usually defined with respect to
Cartesian coordinates x(q) € R", which describe the position and orientation
of the end-effector of the robot. The obvious choice would be the classical
Cartesian impedance controller proposed by Hogan [124].

u = —J(a)" (K.%(q) + D;x(a) + g(q) (3.46)
x(q) = x(q) —xq (3.47)
x(q) = J(a)q, (3.48)

with Kx € R"™*™ being the diagonal positive definite desired stiffness matrix,
Dy € R™ ™ the diagonal positive definite desired damping matrix, x; € R™
the desired tip pose in Cartesian coordinates, x(q) = f(q) the position and
orientation of the tip computed by the direct kinematics map f. J(q) = %(:1)
is the Jacobian of the manipulator, and g(q) € R" the gravity compensation.
While this controller is passive with respect to the input-output pair {7, +
Text, ) for the stiff robot case, it lacks this property with respect to the input-

output pair {¢, —7,} in the flexible joint case’.

In order to overcome this drawback u needs to be chosen as a function of 6, 0
only [277,12, 216, 309]. A solution proposed in [15] uses the static equilibrium
q = h™1(0) of q instead of q itself. & is defined as h(q) = q-+K ~!7 ;. @ depends
only on the motor position®. Now the controller (3.46) can be modified to

u = —J(@" (K.X(q) + D.%(a) + (@) (3.49)
x(@) = x(a)—x (3.50)
x(a) = J(q)b, (3.51)

which provides the desired exact Cartesian impedance behavior. The gravity
compensation term g(q) from [216] is a function of the motor position only
and is designed so that it provides exact gravity compensation (for 7.y = 0)
in all stationary/static points from the set Q := {(q,0)|K;(0 — q) = g(q)}.
This property can be written as

g(a) —g(@ =0 V(q,0) €. (3.52)

With (3.31), (3.38), and (3.49) the closed loop system is
) M(@)d +C(q,9)d +8(a) = Ta + Text (3.53)
By + J(a)" K.x(q) — g(@) + J(@)" D:J(Q)8 + 7, = 0. (3.54)

*Passivity is the underlying concept of all controllers for the LWR-IIL Passivity based con-
troller design guarantees stability and high robustness.

>This pair is chosen as one is interested in the passivity of the complete flexible joint system.

6t was shown that under some mild conditions there exists a unique mapping between the
equilibria 6y and qo.
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For the passivity analysis of the Cartesian impedance, the explanation of h=1(0),
and the details on joint impedance control within the passivity based frame-
work refer to [15].

After this introduction to the control architecture and control schemes of the
LWR-IIL the developed collision detection and reaction schemes are described
next.

3.3 Collision detection schemes

In this section the theoretical basis for different collision detection methods is
derived. The methods range from simple energy based collision detectors to
more advanced methods, which are able to give an accurate estimation of the
external torques.

3.3.1 Energy based detection

In order to only recognize the occurrence of a collision (the detection problem)
for a rigid robot, an energy argument is sufficient”.

Define the following scalar quantity

#(t) = ko {E(f) — /0 (' +#)ds — E(0)| , (3.55)

with initial value 7(0) = 0, ko > 0, and where E(t) is the total robot energy at
time ¢ > 0, as defined in (3.3). 7 € R" denotes the link driving torque, which
is T,,, for rigid robots and 7 ; for flexible joint robots. Based on the integration
of the input power and an unknown disturbance 7 the integrand essentially
monitors the energy dynamics of the robot. Note that 7 can be computed using
the measured joint position q, the joint velocity ¢ (possibly obtained through
numerical differentiation), and the commanded motor torque. The latter may
be the result of any type of control action. No acceleration measurement is
needed. Using egs. (3.4) and (3.29), the resulting dynamics of 7 is

F = —kot + ko  Text, (3.56)

i.e., that of a first-order stable linear filter driven by the work performed by
the joint torques due to collision. During free motion, 7 = 0 up to measure-
ment noise and unmodeled disturbances. In response to a generic collision, 7
raises exponentially with a time constant 1/ko and detection occurs as soon as
|| > 7cp. The scalar 7¢p is a suitable threshold whose actual value depends
on the noise characteristics in the system. Dynamic thresholding can be used
to avoid false detection due to spurious spikes in noisy signals, as shown in
[51]. When contact is lost, 7 rapidly returns to zero. Because of these proper-
ties, 7 is called a collision detection signal. Not all possible collision situations

"The extension to the flexible joint case is straight forward by substituting 7, with .
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are detected by this scheme. With the robot at rest (q = 0), the instantaneous
value of 7. does not affect 7, but begins as soon as the robot starts moving.
As a consequence, with the robot at rest, true impulse collision forces/torques
cannot be detected with this scheme. On the other hand, when the robot is
in motion, collision can be detected if the Cartesian collision force Fey; pro-
duces motion at the contact. Using eq. (3.30) the following relationship can be
formed.

qTText = qTJg(q)fext = XcFext = 0 = Xx¢ L Foxs (357)

For example, a lateral (horizontal) force due to a human colliding against a
2R planar arm in motion in the vertical plane will not be detected, being fully
compensated by the reaction forces of the manipulator structure. When eval-
uated in terms of reactive motions that the robot may take in response to this
collision, such behavior of the detection scheme is rather natural. In fact, no
possible robot motion would be able to reduce the force loading in this case.
Suppose now to add a vertical joint axis at the base (obtaining a 3R elbow-type
robot) and let the second and third links be in motion in the vertical plane as
before (i.e., with ¢; = 0). The same previous lateral force will be felt initially
only at the first joint 7k 1 # 0) ,which is at rest. Therefore, ' Text = 0 and
thus #(0) = 0. Provided that the joint position controller is soft enough, the
tirst joint will start moving in response to the collision with low contact stiff-
ness before the contact force has been removed and detection may then occur.

From here on the methods are discussed for the flexible joint case. However,
please note that they are directly applicable to the rigid case by substituting
the joint torque 7 ; with the motor torque 7,.

The next methods aim at obtaining the full external torque vector 7.

3.3.2 Direct derivation method

Using (3.31) the external torque 7.« can be expressed as

Text = TJ — M(q)q - C(q7 q)q - g(q)7 (358)

where 7 ; and 7 are not taken into account for sake of clarity. The most sim-
ple estimation of the external torques is thus obtained by using joint torque
and link position. (3.58) would be a straightforward derivation of the external
torque. However, this approach is not applicable in practice because in real-
ity q cannot be differentiated two times due to the presence of non-negligible
noise. A scheme to circumvent this problem can be derived for smooth de-
sired trajectories. As described next, this method can be used for a robot that
is being controlled by a high performance position controller.

3.3.3 Derivation from desired dynamics

For a commanded motor trajectory with smooth derivatives of higher order
and a well parameterized position controller, it can be assumed that

dq ~ q, (3.59)
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where q; € R” is the desired joint position. Thus, q and its derivatives can
be approximated by qq and its derivatives. An estimate of the external joint
torque due to collision is given by combining the expected joint torque com-
puted with (3.31) for ey = 0.

7 7(dd, 4d; dq) = M (qq)da + C(qq, 4a)da + g(qa) (3.60)

with the measurement of the joint torque 7 ;. This leads to an estimation of the
external torque

Text =TJ —TJ R Text- (3.61)

Even though this method suffices for stiff position control and smooth desired
motions, the scheme is not a general estimation of external torques that is inde-
pendent from the controller and desired trajectories (i.e. it is not a kind of vir-
tual sensor). In the next two subsections two different disturbance observers
that neither suffer from the problem of requiring ¢ nor from the demanded a
priori knowledge of qq are proposed. Both methods may be interpreted as a
general sensor for external torques along the robot structure [48, 86, 102].

3.3.4 Observing joint velocity

Text
- q q q
n(q,q)

[ e e -7
i a)=n() [
I I
: :
| n(q',(i) |
I I
: : ; I
| . ! a - :
Lo
I |
I A I
| i, |
i Observer i

_______________________________________

Figure 3.4: Block diagram of a reduced state observer for g to estimate the external torque Text.

The underlying idea of the present method is to observe the joint velocity g
with a reduced state and disturbance observer. A reduced state observer can be
used in order to make the algorithm react faster to changes of the system since



34 CHAPTER 3. SOFT-ROBOTICS CONTROL

the derivative reflects the timely evolution itself®. First ¢ has to be calculated:

q = DMy n(a,d) - Te), 3.6
where
n(q,q) = C(q,q)q+ g(a)- (3.63)

The assumed model to observe the external torque Ty is according to [70]
chosen as

+ext (364)
= 0. (3.65)

o R

Such a model is used if no further information on the expected behavior is
available. In Figure 3.4 the block diagram of the link side of the robot and the
proposed observer are depicted. The observed disturbance r can be expressed
as follows:

q = M™'(r;—-n(q,q) -t (3.66)
ro= Ko(q-§) (3.67)
T d
P = Ko f [M—lm—n(q,q)—f)—&(q)] a (369)
T
= Ko ( /0 [M~Y(7;—n(q,q) — )] dt—q>, (3.69)

where Ko = diag{k},} is the observer gain. The transfer function from the ex-
ternal torque Ty to the observed disturbance t is obtained from (3.62), (3.66),
and (3.67).

r = Ko(d—4) (3.70)

= KoM MText — 1) (3.71)

I+ KoM %% = KoM ‘7o (3.72)
it = (sI+ KoM D KoM ey (3.73)

In other words, a filtered version of 7.y with a variable filter frequency is
obtained.

In the following a concept for estimating the external torques based on the
observation of the generalized momentum p is introduced.

3.3.5 Observing generalized momentum

The method developed now has a similar structure to the previous one. How-
ever, in contrast to the velocity observer its basic concept is to observe the
generalized angular momentum

p = M(q)q, (3.74)

The same argument states for the scheme proposed in Sec. 3.3.5.
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as proposed in [51, 52] with a disturbance and a reduced state observer. First,
the physical relationship between p and q of the robot equation is obtained.
Together with (3.74) the link side dynamics (3.31) can be rewritten to

d .

= E(M(q)Q) = M(q)q + M(q)q (3.75)
= TJ— B(qa Q) — Text (376)

where ] )
B(q,4q) :=n(q,q) — M(q)q = C(q,q) + g(a) — M(q)q. (3.77)

The model to observe the external torque Tyt is then

= Fext (3.78)
=0 (3.79)

Ho R

In Figure 3.5 the block diagram of the detection scheme is shown. The actual
variable being observed is the derivation of the angular momentum p. An
obvious drawback is the necessary differentiation of p. Fortunately, this can
be avoided by a simple restructuring, see Fig. 3.5. Upon further examination
of Fig. 3.5 the equations for (f), r, f‘) can be written as

b = Ty-Blaq) i (3.80)
P Kolb-b) (3.81)
T A
r = K D — p)d 3.82
O/o (p—p)dt (3.82)
T
~ ko ( /O - Bla,d) — 1] dt—M<q>q> (3.89)
= Ko(p—p). (3.84)

Combining (3.76) and (3.80) it can be shown that the observed disturbance is a
component-wise filtered version of the real external torque Texs:

p-p = 7,-B@d) -t (1,-B(a,d) ~Tea) (389
& Kot = —F 4+ Tex (3.86)
The dynamics of 1 is therefore
I = —Kof + KoText (3.87)
and its components can be written as
1 K}

N it~ Vie{l,..,n 3.88
STé i 1Text s+ KZ) Text Text { } ( )

Po= (Fm). (3.89)

Al
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Each K}, can also be interpreted as a filter constant ¢, = 1/K{, of the ith
external joint torque signal component. In ideal conditions,

Ko — o0 =1~ T,

which means in practice that the gains should be as large as possible. More-
over, I is sensitive to collisions even at ¢ = 0. When the contact occurs on the
i-th link of the robot kinematic chain, r takes the form

F=[f1 ... 700 0 ... 0. (3.90)

Assuming © = Text = Jg (q)Fext, this follows from the fact that, for a collision
on link ¢, the last NV — i columns of the Jacobian J.(q) are identically zero. The
tirst i components of vector r will be generally different from zero, at least for
the time interval of contact, and will start decaying exponentially toward zero
as soon as contact is lost. The residual r will be affected only by Cartesian col-
lision forces Fex; that perform virtual work on admissible robot motion, i.e.,
those forces that do not belong to the kernel of J!(q). In general, the sensi-
tivity to Fex of each of the affected residuals (proximal to the robot base) will
vary with the arm configuration. Thanks to the properties of the generalized
momentum, this dynamic analysis can be carried out based only on the static
transformation matrix J! (q) from Cartesian forces to joint torques. In fact, the
residual dynamics in (3.87) is unaffected by robot velocity and acceleration.

3.3.6 Response behavior of momentum observer

TORQUE TORQUE
400 . . 200 . .
Text Text
—TIi0 'io
A 180 - H
350 1 Tso I'so
Ti00 Tio00
—TI500 160 1 —TI500 f
300 —T1000|4 n —T1000
= = =T5000 a0l Y == =T5000

321 3.22 3.23 3.24 .
t[s] t[s]

Figure 3.6: I is plotted with variable observer gain K, denoted by the index (i.e. #; = #(Ko = diag{i})).
On the left side the graphs for joint 2 and on the right side the ones for joint 4 are shown.
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In order to ensure fast collision detection a high observer filter frequency is
needed, i.e. large Kp. However, noise deteriorates the signal and thus cer-
tain low pass filter characteristics are needed. This tradeoff necessitates the
analysis of © with respect to the observer gain. To evaluate this, an impact be-
tween a full dynamic model of the LWR-III and a spherical object with human
head stiffness properties is simulated. Figure 3.6 depicts the mentioned de-
pendency for axis 2 and 4. For a near-ideal collision detection, Ko should be
set to 500, assuming the communication delay between hardware components
tobe At. =0s.

3.3.7 Comparison of collision detection schemes

All methods described in the previous sections are suitable for real-time de-
mands. However, each of them has certain characteristics, which leads to dif-
ferent detection performance.

The method introduced in Sec. 3.3.1 has the advantage of very low computa-
tional complexity. However, it does not respond while resting, and does not
provide an estimation of the external torques. From a theoretical standpoint,
using the direct derivation as described in Sec. 3.3.2 would be most accurate.
However, it suffers from the severe practical limitation of requiring the joint
acceleration. A major benefit from the approach given in Sec. 3.3.3 is that due
to not using position sensor signals and its numerical derivatives only the joint
torque sensor noise is present. This is in practice considerably lower than the
one for velocity. Significant error sources for this scheme are the model er-
ror and assumption error (3.59). Therefore, this approach performs better for
a stiff position controller and pre-planned trajectories with smooth qq, for a
very soft impedance controller or jerky desired positions (e.g., generated on-
line from a vision system), the detection schemes presented in Sec. 3.3.4 and
Sec. 3.3.5 are clearly advantageous. For the joint velocity approach two main
disadvantages were identified:

* The computation of M ~!(q) is necessary.

¢ Nonlinear filter dynamics between t and 7.y are introduced. Thus, a
variable cut-off frequency due to the coupling in the joints is the conse-
quence.

On the other hand, the angular momentum scheme from Sec. 3.3.5 has a minor
practical drawback:

* 3(q,q) has to be computed instead of n(q, q).

Therefore, operations being necessary for the mass matrix derivation M(q) in
B could be saved for the velocity observer. However, in the end the momen-
tum based strategy turned out to be the better alternative. The velocity based
approach was not working satisfactory even in simulation. This is mainly due
to the variable cut-off frequency, which is difficult to determine.
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This gives two good methods for collision detection, with the one from Sec. 3.3.3
performing well for a stiff position controlled robot and the momentum ob-
server that can be used for any type of underlying control scheme.

In the following section some practical remarks are given.

3.3.8 Practical remarks

Practical implementation

Theoretical approach Practical implementation

Text = Text

|

Observer

Figure 3.7: Principle (left) and practical implementation (right) of the disturbance observer.

The practical implementation of the collision detection method described in
Sec. 3.3.5 is depicted in Fig. 3.7. The motor and link side dynamics are inter-
connected via the joint torque. The motor and friction torque act on the motor
inertia, while the external torque is applied to the rigid body dynamics. Due to
the joint torque sensing of the robot, the collision detection can be decoupled
from friction (left). The link side position sensing of the robot is less accurate
than the motor position sensing. Furthermore, a good flexible-joint model of
the robot is available. Therefore, the motor position and velocity 6, 0 € R
as well as the joint model for estimating the link side position and velocity
q,q € R" can be utilized (right). As a result, a model based estimation g can
be obtained from (3.31).

A~

q=0-K;'r; (4.4 (391)
This remark is valid for all implemented collision detection methods that make
use of the link side position and its derivatives.
Coping with robot model errors
The above collision detection mechanisms use a collision threshold, which

should be small enough to allow fast firing of a reaction scheme (sensitivity),
but also large enough not to be activated by measurement errors and/or dy-
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namic model errors (false alarms):

oD { Loaf Fie |7 > 7, (3.92)

0 else.

7 > 0 is the collision threshold for the ith axis. The main sources of er-
rors limiting the detection threshold for this approach are the model errors
and the sensor noise (torque and numerical velocity estimation). By choos-
ing a slower filter constant for r the noise can be reduced at the price of some
detection delay. Apart from using these collision thresholds it is possible to
use the frequency information of the collision detection signal as well. For the
relevant motion velocities, the robot dynamics contains low-frequency signals
when compared to the impact torque. One possibility to cope with this robot
modelling errors is thus to high-pass filter both detectors (3.88) and (3.61) com-
ponent wise. This leads for the momentum observer to
S

Flop = Thst' = ngm Vie{1,..,n} (3.93)

if T}, = 1/K},. For the scheme in Sec. 3.3.3 this means to use

Pl g7~ #1) Vie {1,..,n} (3.94)
as a detector. This implies to ignore the very low frequent external torques but
they still can be estimated in parallel by (3.88) or (3.61). Therefore, for high
frequency torque components, i.e. fast rigid impacts, a more sensitive detector
is obtained. Both versions were implemented on the LWR-III and allowed to
reduce the detection threshold by 50 % in all joints to 0.057 ,ax in comparison
to the initial version. Moreover, current improvements in the model allow a
threshold of 0.027,.x, which corresponds closely with the resolution of the
joint torque sensor.

As an alternative to high-pass filtering of the signals, one could use the differ-
ence of the two detection schemes as a collision detector. This will remove the
model error entirely and the detector happens to be again a high-pass filtered
version of Texi:

1 : TYs

i oai i i - i 0% i 3.95
\ , ext T68—|— 1Text T(Z)S—{— 1Text ( )

Collision severity stages

In order to fully exploit the information gained from an accurate estimation
of the external joint torques as described in Sec. 3.3.5, it is not only used for
differentiation between contact and no-contact. Its magnitude is utilized as
well. Since the mechanical design of the robot defines constraints on the maxi-
mum allowable joint torque, different contact classes are expressed in relation
to the maximal joint torque. An example is given in Tab. 3.1, defining collision
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Severity type percentage of max. joint torque

Contact 3 %

Grasping failure 15 %
Slight collision 50 %
Severe collisionI 90 %
Severe collision II 98 %

Table 3.1: Collision severity stages.

severity from contact to severe collisions. This classification was chosen for
the interactive bin-picking application outlined in Chapter 7.3. The stages are
used later for appropriately reacting in an effective and fault tolerant manner,
depending on the current state and severity of contact.

3.3.9 Estimating the contact wrench

Thus far an accurate estimation of 7.y has been elaborated. However, e.g.
for online load estimation or Cartesian collision reaction methods the contact
wrench information is of interest. Consider the case of (single point) contact
on the tool tip. In order to calculate the corresponding external forces (3.30) is
used.

JEFoxt = Toxt (3.96)
JchT]:ext = JeText (3.97)
Fext = (chg‘)iljc'rext = JjﬁText (398)

This relation applies to only non-singular J. to useful solutions. Since the Ja-
cobian may be interpreted as a sensitivity matrix, forces acting along singular
directions cannot be sensed. These forces are simply resisted by the manip-
ulator. However, in the nominal workspace (3.98) may be used instead of a
wrist force torque sensor for measuring TCP forces. For this Jrcp = J. is
assumed, i.e. the point of contact is known. This is useful for tasks in Op-
erational space, which require tip force control as e.g. in assembly processes.
Especially for industrial tasks it is desirable to keep the costs for external sens-
ing low. Furthermore, the number of components is reduced, leading to lower
maintenance costs and potential failures.

Estimating the full external contact wrench along the entire structure is for
many cases not possible. Singular configurations in the according subspace of
dimension i with the associated Jacobian of dimension dim(J) = (i, N) lead
to a transfer of the contact forces into the mechanical structure. Furthermore,
due to the possibility of i < 6 there may be no torque, for which (3.98) can be
satisfied.

The next step to be taken is to develop effective reaction schemes. Even though
Cartesian reaction strategies were also developed, the main focus will be on
joint level reaction for the sake of brevity.
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3.4 Collision reaction

This section builds upon the previous results and presents the remaining reac-
tion during the post-impact phase. Different strategies are elaborated, leading
to significantly different behavior. In particular, the directional information on
contact forces provided by the identification scheme is used to safely drive the
robot away from the human.

3.4.1 Reflex like collision reaction schemes
Stop the robot

The most obvious idea is to stop the robot as soon as a collision has been de-
tected. This behavior can e.g. be obtained by setting g; = q(t.), where t. is the
instant of collision detection.

Stop the robot and drive back

Just stopping the robot after a collision has been detected is a basic approach,
which can cause uncomfortable or dangerous situations. It could e.g. lead
to the human operator being clamped between the robot and a mechanical
counterpart. Therefore, the robot should not only stop but also drive back
along the previous path. In this approach it is assumed that no further object is
present that could be involved in another collision with the backdriving robot.

Another way to react to a collision is to switch between different control modes.
Initially, the robot moves along a desired trajectory with a position reference
based controller (e.g. position or impedance control). In case of a collision
the control mode is switched to a compliance based controller that ignores the
previous task trajectory.

Control switch to torque control with gravity compensation

The first useful control change identified is to switch to torque control with
gravity compensation, meaning to set 74 = 0. The human operator can sim-
ply push the robot away while feeling only the reduced inertia of the robot (see
Sec. 3.2). For accomplishing this behavior switch with the LWR-III, the weight-
ing matrices in (3.34) for position or torque control only need to be changed to
parameterize the reaction behavior within one computation cycle. Please note
that this strategy does not explicitly take into account any information or esti-
mation of Text.

An admittance type strategy is described in the following.
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Admittance based strategy

For this scheme no switch e.g. from position to torque control is needed. Since
r is the observed external torque the basic idea is to use this information to
evade from external torques. This is accomplished by multiplying r with the
matrix Kr and let ¢4 point towards negative t direction. Thus, a desired ve-
locity vector is obtained that lets the robot evade from the external contact
producing T exs.

qq = —Kpgt (3.99)
T

qq = —/ KRf'dt, (3100)
0

with Kr = {diag{KRi, ..., Krn}|Vi : Kr; > 1}. With this scheme the robot

quickly drives away from the external torque source and decreases the contact

forces until they decay to zero’.

The next strategy extends the torque control based strategy by explicitly incor-
porating the external torques information.
Reflex torque based strategy

From the full robot model and the torque control loop in Sec. 3.2 the closed-
loop system behavior is

T = M(a)4+C(q,4)q+g(q) + Text (3.101)
u = Byb+T1, (3.102)

In order to keep the discussion simpler DK '+ is omitted. If u is chosen to
be

u: = g(q)+ [ — Ky)Text (3.103)
K, = {diag{Ky1,..., Kpn}|Vi: Ky, > 1} (3.104)

it can be shown that this results in a scaling of the robot dynamics by K, !. If
g(q) ~ g(q) (3.102) is used together with (3.101) the relation

g(d) + (I - Kv)Text = BGG + M(q)q + C(q, q)q + g(CI) + Text(3'105)
0 = BGG + M(q)q + C(q, q)q + KvText

is obtained, leading to

K,'BpO+ K, 'M(q)a+ K, 'C(q,@)q+Texx = 0. (3.106)
N—_—— ——
By My(a)

The already shaped motor inertia By is further reduced by K, !. The inertia
matrix M(q) experiences the same scaling as well. Following relations hold

“Please note this method also works with a joint impedance controller.
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component wise.

B > By > By, (3.107)
M(q) > My(a), (3.108)
By, and My are the new motor and link inertia respectively. Finally, the new

control law has to be derived. By substituting (3.103) into (3.36), T, is ob-
tained:

Tm = BBy (g(@)+ (I - K))Tex) + (I = BBy ')(7 + DyK; ') (3.109)
= Kr(gl@a) —7) — Ks7j+ K)Text +8(Q) (3.110)
~ Kr(g(q) —77) — Kstj+ K;t +g(q), (3.111)
where
Kr = BB;'—1I
Ks = (I-BB;")D;K;*
K: = BB;YI-K,) (3.112)

By substituting (3.103) into (3.39) K5 becomes Ks = (BB, 'Ds— DK ;1.
From now on the different strategies are referred to as follows.

¢ Strategy 0: Do not react at all

¢ Strategy 1: Stop the robot

¢ Strategy 2: Switch to torque control with gravity compensation

Strategy 3: Reflex torque based strategy

Strategy 4: admittance based strategy

In the presence of low friction, it may be necessary to limit the excursion of
the robot reflex motions as previously described. In such cases a phase of
maximum dissipation of kinetic energy is executed in order to rapidly stop the
robot. The according control strategy is outlined in the following.

Energy dissipating strategy

This paragraph refers again to the rigid body case. Let the available motor
torques at each joint be bounded by

[Tl < Tmmaxi  1=1,...,n. (3.113)

Part of this motor torque is spent for the gravity compensation. By defining
the configuration-dependent bounds

T?Qm,i(q) = _(Tm,max,i + gz(q)) <0 (3114)
T]/\/[,i(q) ‘= Tmymax,i — gz(q) >0, (3115)
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the remaining part of the available torque 7 = 7, — g(q) satisfies

(@) <7 < Thl@) i=1,...,n (3.116)

m,i

Since the time evolution of the kinetic energy is 7' = q”7/, the following con-
trol law locally realizes the largest decrease of 7"

T/M( ) if ¢; > €
mhi(@di/e if > g >0
)

Timyi = 1/\4 (Qdife; i — € < 4 <0 + gi(q) (3.117)
TM,@‘(Q) if ¢; > €,q; < —¢;
with i = 1,...,n. For each velocity ¢;, the insertion of a small ultimate region

of amplitude 2¢; > 0 allows a tradeoff between the almost minimum-time
solution and a smooth reaching of the final condition ¢ = 0.

Thus far only reaction schemes with entire task abortion were presented, i.e.
every contact is classified as a collision. However, with the LWR-III it is often
the case that physical unintentional interaction takes place. Therefore schemes
are necessary for safe interaction without entirely losing the current task of the
robot. For this purpose the method of trajectory scaling was developed. It is
described in the following.

3.4.2 Trajectory scaling

“Pushing interpolation time back and forth”

Planner Fext
S ——
Status Via points
\Fext
—)@d Interpolator &)
Text 0.0
— Observer L

Figure 3.8: Idea behind the trajectory scaling: “pushing interpolation time back and forth”. The estima-
tion of the external torque is fed to the time step generator of the interpolator and directly modulates its
behavior.

The idea of trajectory scaling is to preserve the original motion path and at
the same time provide compliant behavior by influencing the time generator
of the desired trajectory, see Fig. 3.8. This scheme can be used to enable a
position (reference) controlled robot to react compliantly in such a way that it
remains on the nominal path. Whereas in case of external disturbances is only
able to exert certain maximum forces. Note that this trajectory scaling scheme
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Figure 3.9: Block diagram of the time generator in the trajectory scaling.
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Figure 3.10: Scaling function of the time increment.
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is driven by the observer output r (for the joint case) or by Fey for Cartesian
motion generation and can also be combined with any of the previous reaction
strategies so as to reduce external torques to zero in case of too dangerous
situations.

A desired trajectory is usually parameterized with respect to time, i.e. qq4(t) €
R™ in joint space or x4(t) € SE(3) in the Cartesian case, whereas the joint
case is described from now on. For the discrete sampling time At used in the
implementation the current time instant can be written as ¢; = t;_; + At. If
the increment At is now modified in such a way that it is used to respond to
external forces, it can be used to step back and forth along the desired joint
path, as a matter of fact by “scaling the trajectory in time”, see Fig. 3.9. This
can simply be done by re-defining the path parameter as

t; =t;,_1+ fs(\lf(f'z))At (3118)

The implementation of the trajectory scaling input based on the estimated ex-
ternal torque was chosen to be

1 [ # Aq’
U() =~ < L ) (3.119)
o \ T 18]/,
where Aqfi = qi;rl — qu denotes the difference vector of two consecutive de-

sired via points (e.g. provided by a path planner), T,.x € R" is the vector of
the maximal nominal joint torques specified for the robot!?, and “+” denotes
the restriction of the term in brackets to positive values for each component.
In this way, only external forces pushing against the natural evolution of the
trajectory will have an effect on the behavior of the robot!!. « is a value for ad-
justing the overall disturbance sensitivity by specifying the normalized colli-
sion torque along the trajectory for which the motion should stop, see Fig. 3.10.
The function f,(¥) is given by

O(0) 0<v<1
B 0 1<¥<1+70
fs(¥) = k(U —-(14T1)—k 14T <U¥<24T (3.120)
—k 24T <V,

where k € RT is a positive factor that determines the decrement velocity. I’
is an optional dead-zone. Furthermore, ®(.) is a monotonically decreasing
function

¢ :[0,1] — [0,1]. (3.121)

Depending on the disturbance input ¥ to slow down the robot until zero veloc-
ity, and after overcoming a dead-zone I, the piecewise defined function f4(¥)
enables pushing it back along its original path. A sample function for f,(¥)

Dividing #; by Tmax weights external torques according to the specified maximum torque
for each joint.

"However, one could use the signal as well to accelerate the robot if a human pushes it along
its desired trajectory.
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is given in Fig. 3.10. It shows two sinusoidal branches that define the slowing
down and back-pushing velocity and an optional dead-zone. The monotoni-
cally decreasing function ® was implemented as

O(0) = %(1 + cos(m¥)). (3.122)

This function shows better performance than e.g. linear scaling because noise
in the detection signal has reduced influence on the trajectory scaling in the
absence of external torques (¥ = 0). A related approach, but for scaling of
rhythmic movements was introduced in [283]. Further related work can be
found in [171, 276].

For slow trajectories the approach presented up to now is well suited and re-
alizes intuitive behavior. However, for very high desired joint velocities qg it
is desired to make the approach independent of the desired velocities. This
inherent dependency is introduced when scaling the interpolation time as de-
scribed. Since the scaling depends only on the normalized joint torques, the
effect of the same residual V¥ is different for each particular desired trajectory.
In other words, scaling time implicitly scales the desired velocity, which is task
depending. Therefore, it is not an optimal choice to use the same scaling shape
for every desired trajectory. However, this drawback can be solved as follows.

Ad(tn) = Aa(tn-1 + fs(V)Al) (3.123)

By using the “first order” Taylor series approximation

P¢(x) = f(a) + &1&)(90 —a) (3.124)
qq4(tn) can be written as
qd(tn) ~ qd(tnfl) + qd(tnfl)(tn - 751171) = (3125)
= qa(tn—1) + 4a(tn-1) fs(¥)At (3.126)
——
At*

This can be reformulated to

) = W) Aalloct) _ g ) (3127)

Let f5(¥, o) be a monotonically decreasing function ® : [0,2/a] — [—1,1] with
(1/a,0) being its origin of symmetry. Therefore, f; can be written as

fs(T,a)=1— (¥, ), (3.128)
leading to, together with (3.127):

&y(tn—1) = da(tn—1) — da(tn—1)®(¥, ). (3.129)
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Substituting ¢,,_; — ¢, this leads to
qél(tn) = qd(tn) - Qd(tn)q)(\ll’ a) (3130)

Next, &(¥, o) needs to be chosen such that a depending on the desired scaling

function mfb(\ﬂ, a = 1) is obtained. This selection makes (3.130) indepen-

dent from qq(%,,)

(U, ) = qd(ltn)cb(\lf,a =1) (3.131)
— a = g(V,d(ts)) (3132)

For the linear case the function ® can be defined as

d(V,0) = aK¥ K eR. (3.133)
Together with
. 1
a(qq) = P (3.134)
this leads to
Ay(tn) = qa(tn) — K9, (3.135)

which no longer depends on the desired velocity.

Combining trajectory scaling, collision detection & reaction

Reaction strategy: Qstart

o 0 Push & Pul&
av/ <

Text > Tdet

.Reaction strategy:

R
yes :
Qend .°_ B Comp liant

Figure 3.11: Combining trajectory scaling and other reaction strategies based on the magnitude of the
disturbance signal. As long as the torque estimation remains within a certain limit band, trajectory scaling
is active. In case this threshold is exceeded the robot switches to one of the other reaction schemes.

Typically, undesired impacts are characterized by high peak forces and joint
torques. Therefore, a basic way to distinguish between desired interaction and
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Torque control with
gravity comp.

Figure 3.12: Combining safety during the execution of a task and during a real collision: (a.) The robot
moves position controlled along its desired trajectory. (b.) The robot slows down (trajectory scaling) and
in the end stops after physical contact with the human. If the human would step aside the robot would
continue to move along its desired trajectory. (c.) The human pushes harder against the robot and conse-
quently the collision detection is triggered. (d.) The robot compliantly floats away in torque control with
gravitation compensation (Strategy 2). (e.) Now, the robot can easily be moved around without being able
to cause any harm.

accidental collisions is to use the magnitude of t (or any other estimation Tyt
of the external torques). Trajectory scaling ensures that during normal opera-
tion mode only a certain maximum static force (depending on f,) can act on a
human. If he/she pushes harder, the robot moves back along q, and as soon
as the pushing force is too high (||¢|| > rS¥itch € RT), the robot switches to one
of the other reaction strategies (e.g. in case of Strategy 2 the robot poses due to
its compliance no threat anymore), see Fig. 3.11. Thus, a combination of reac-
tion strategies performs an intuitive and effective response to desired physical
interaction or unintended collision/clamping. In Figure 3.12 this combined
reactive strategy is depicted.

In the next section the benefits gained from the use of the collision detection
and reaction algorithms are shown by evaluating impact tests with the LWR-
III on different human body parts, a dummy, and a test-bed designed for this
purpose.

3.5 Experiments

3.5.1 Energy based collision detection

Figure 3.13 visualizes the behavior of the energy based collision detection sig-
nal defined in Sec. 3.3.1 during a straight line Cartesian motion of the LWR-III
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Figure 3.13: Experimental behavior of the energy based detection scheme. The Cartesian impadance con-
trolled robot moves on a straight line (first plot, indicated by x). The desired and measured velocity are
denoted in the second plot. The external disturbance force fext, the resiudal obtained from (3.55), and the
sensitivity of the scheme represented by s = fextx are visualized hereafter. x,y, z are denoted as blue,
black, and red.
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Figure 3.14: Balloon tests with strategy 0 (upper row) and strategy 3 (lower row).

in the (x, y)—plane. The experiment showcases all aspects outlined in Sec. 3.3.1.
The plot depicts the desired and real robot motion (position and velocity), the
external contact force, the residual (3.55), and the sensitivity measure s = fox.
The indicated phases A — F' are characterized by varying respective behavior
as follows.

* phase A : The external force is acting against the motion direction while
the robot moves and is well recognized by the detection scheme.

¢ phase B : No external forces are applied.

* phase C : The external forces in (z,y) plane are gradually increasing
during standstill. They are not recognized.

* phase D : The robot starts moving again, which immediately leads to an
increase in sensitivity and consequently residual magnitude.

* phase E : The robot stands still, while a strong force force in z-direction
is applied without being recognized.

¢ phase F' : The robot moves again, while the z-force is still applied. How-
ever, as it acts orthogonal to the motion vector, it cannot be recognized.

3.5.2 Balloon test

In order to show the effect of the developed collision detection from Sec. 3.3.5
and the respective reaction algorithms initial collision tests with the LWR-III
and a balloon were conducted. In these experiments the balloon is fixed on
a table. The setup and motion of the robot are shown in Fig. 3.14. The tests
were performed using a trapezoidal joint velocity profile with cruise speeds
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Figure 3.17: Link Velocity ¢4. The left column shows the experimental results for 10 °/s, the right one for

100 °/s.
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between 10 °/s and 100 °/s, as reference trajectory. Start and final configura-
tion are

qo = [6031 —7823158 —15 — 15]T
q = [6065 —7853158 —15 — 15]T,

respectively (motion is limited to joints 2 and 4). The robot hits the constrained
balloon with its spherical wrist while coming from above, see Fig. 3.14. The
detection gain matrix is Ko = 25 I, while the reflex reaction gains are K, =
1.4 I (for Strategy 3) or Kr = 0.05 I (for Strategy 4). The component wise
detection thresholds 71w j,j = 1,...,7 are 0.01 T j yax.

In Figure 3.14 the resulting motion for strategy 0 (upper row) and strategy 3
(lower row) are given. In Figure 3.15-3.17 the measurements of the experi-
ments are shown for axis 4 at two different impact velocities. On the left side
the results for ¢4 = 10 ?/s and on the right side for ¢ = 100 °/s are shown.

With strategy 0 the robot moves further along the path commanded by the
trajectory generator and therefore the link position increases. Since the robot
simply follows its desired trajectory the external torque continuously grows.
As soon as the desired trajectory timely ends due to the desired configuration
being reached, it remains at 35 Nm. In contrast, all collision reaction strategies
stop this growth (strategy 1) or change the direction of motion in order to re-
duce r and then stop after a while due to friction (2 or 3) or due to the absence
of external torques (t = 0). With strategy 3 and 4 ¢ changes its sign quickly,
thus driving away from the source of external forces. For strategy 3 r decays
to zero. Strategy 4 shows the quickest reaction. By comparing strategy 2 and
3, the active part incorporating the estimation of external joint torques shows
its influence and makes strategy 3 faster than stragey 2 one. The link position
q supports this statement. For 100 °/s impact velocity (Fig. 3.15-3.17 (right))
similar observations can be made. The external torque rapidly increases af-
ter initial contact for all strategies. After the collision is detected, the first and
fourth strategy reverse ¢ the quickest. The torque control based approaches
do not decelerate that fast. However, the third scheme outperforms the second
one, since it lowers the external torque significantly faster and drives quicker
out of the collision area.

These results were expected from tests where the robot drives against an out-
stretched human arm of different persons. All subjects stopped the robot while
it was driving along a desired trajectory. Every subject described to have the
feeling of high safety awareness due to the collision detection and reaction.

In the next subsection the first results are discussed on the quantifiable effect of
the collision detection based on a collision test bed that represents a simplified
model of the human arm.

3.5.3 Human arm measurements and collision test-bed

In order to objectively compare collision reaction strategies, a simple collision
test-bed was built to emulate robot-human arm impacts. This is a 1DoF mech-



3.5. EXPERIMENTS 55

Impact Force - Arm

—Human A
- - ~Verification Platform

§
| Impact

Sled spring

Arm stiffness |

Jﬁndershoot

0 05

15
time 3]

Figure 3.18: Collision test-bed (left), representing a simplified model of the human arm (left), and the
resulting impact forces for a human arm and the collision test-bed at a robot velocity of 0.4 m/s (right).
After an initial peak a stiffness profile is observed, representing the human response in this particular
experiment.

anism with adjustable impedance, of which a spring stiffness and a mass can
be adapted to fit with impact characteristics of interest, see Fig. 3.18 (left). The
impact behavior of the human arm is mimicked in a typical impact config-
uration, shown in Fig. 3.20 (right), and used it as a basis for comparing the
presented reaction strategies. The author is aware of the problems in fitting a
certain model to a human arm that is potentially nonlinear and of higher or-
der. Furthermore, one could argue that the human reacts with an impedance
response to the impact. However, at this point only the rough behavior of the
human arm is intended to be replicated for a specific situation. This gives a
common ground for comparing impact reaction strategies on a fair basis. It
was not intended to construct an anthropomorphic model of the human arm.

The force occurring during a typical arm impact is shown in Fig. 3.18 (right) for
the reconfiguration trajectory from “elbow up” to “elbow down”. The robot
was used to measure contact forces!?, kinematic configurations, and veloci-
ties. In comparing the test-bed with the human, some differences in the im-
pact characteristics can be observed. Particularly, when the damping in the
collision test-bed is considerably lower, an undershoot after the consistent im-
pact force is shown. To partially overcome this deficit, the sled spring was
pretensioned, leading to a biased spring and thus to higher forces during the
bending process.

3.5.4 Performance comparison of reaction strategies

The results for impacting the LWR-III against the collision test-bed with var-
ious reaction schemes are shown in Fig. 3.19. From the instant of impact on,
the contact force (upper) and the Cartesian displacement (lower) are shown.
Furthermore, in the lower plot the collision detection signal is also reported,
indicating how fast the robot actually reacts as soon as a collision is detected.

2In all remaining experiments in this chapter the contact force was measured with a JR3
force/torque sensor.
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Figure 3.19: Comparison of different collision reaction strategies with the test-bed at an impact velocity
of 0.4 m/s. The point of origin with t = 0 indicates the instant of impact. Apparently, the maximum
initial peak force, which is passed after less than 25 ms, cannot be reduced for the impact with the test-bed.
Although for Strategy 2 and 3 no backlash can be observed, a second “impact” occurs. This is a further
bending of the sled spring due to the passive behavior of the robot in these control modes, i.e. similar to
Strategy 0, but due to the compliant behavior, in a very alleviated from.



3.5. EXPERIMENTS 57

Here, trajectory scaling was not evaluated on purpose, since it is intended to
serve as a feature during task execution to allow interaction. This is not as a
collision reaction scheme, which shall only be activated during high load im-
pacts. Strategy 1 and 4 show very fast reaction after the first force peak and
then lose contact with the accelerated sled. Due to the backlash of the sled
a second impact occurs in both cases. Strategy 4 seems to be the fastest to
withdraw from the external force in the first 200 ms. However, it could not be
tuned such that the slowly decreasing contact force after the backlash is elimi-
nated. This drawback is probably caused by the time delay in the admittance
control loop and the higher Coulomb friction of the robot compared to the one
used in Sec. 3.5.2. However, the maximum displacement for both strategies
is ~ 10 — 12 mm, showing a much faster reduction than Strategies 2 and 3.
Additionally, the influence of the test-bed spring is entirely canceled.

In general, Strategies 2 and 3 show similar behavior, leading to the conclusion
that the additional inertia shaping (Strategy 3) does not significantly contribute
to an improvement in reaction behavior. Apart from that, these two strategies
do not lose contact as abruptly as Strategies 1 and 4 do, but the contact force
reduces after < 400 ms to zero due to the compliant behavior. These observa-
tions lead to the recommendation to combine the speed of Strategy 4 to avoid
the higher displacement and entire influence of the sled spring, with the con-
venient compliant behavior of Strategy 2 by subsequently switching to this
mode.

3.5.5 Collisions with the human arm and chest

m

Figure 3.20: Real collisions with the chest and arm were conducted up to a robot velocity of 2.7 m/s.

In order to show the effectiveness of the collision detection mechanisms, real
impact tests were conducted with a non-clamped human chest and an out-
stretched arm. The human stood relaxed and was not able to see the robot
coming. In Figure 3.20 the impact positions are shown. The position for the
human arm was chosen such that it is in a comfortable configuration and not
pre-stressed. The robot impact velocity ranged up to 2.7 m/s. Since for these
tests a difference in the contact forces for the compliant reaction strategies is
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Figure 3.21: Resulting contact force with and without collision detection and reaction strategy for the hu-
man chest (upper) at impact velocities of 0.7 m/s and the arm (lower) at 1.5 m/s. These tests were carried
out up to an impact velocity of 2.7 m/s but at such impact velocities it is hard to reproduce testing condi-
tions accurately enough.
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not measurable due to the large variation caused by the human'?, the focus
lies on Strategies 0,1,2. For the chest impacts the detection activates within
~ 14 ms, bringing the contact force down to zero within < 100 ms and lim-
iting it below ~ 75 N for both the active strategies that were evaluated, see
Fig. 3.21 (upper). For Strategy 1 the human is accelerated fast enough due to
the impact force and thus loses contact in case the robot abruptly stops. Gen-
erally, even without collision detection and reaction the impact forces can be
kept far below the tolerance force F'' € [1.15 + 1.7] kN of the chest [224].
Furthermore, the collision reaction limits the contact forces far below the pro-
posed value of 150 N in ISO-10218 [130] which would be exceeded for chest
impacts with Strategy 0. The contact force for the arm is illustrated in Fig. 3.21
(lower), showing a somewhat different behavior. After a short impact, which
cannot be prevented or attenuated by the collision detection and reaction, the
impact forces reduce to zero for Strategy 1 and 2. For Strategy 0, another safety
feature of the LWR-III activates because of the increasing contact force. In fact,
a low-level stop is triggered by the exceeding of the measured joint torque.
For the human arm very limited biomechanical tolerance data is available. At
this point is becomes apparent that the 150 N proposed by ISO-10218 are from
too conservative for blunt arm impacts due to the fact that a 50% risk of elbow
fracture corresponds to forces as large as 1780 N [56].

3.5.6 Trajectory scaling

Experimental results for the trajectory scaling are depitcted in Fig. 3.22. A
reference trajectory ¢ for the first joint (solid line) is given for nominal free
motion. Itis a 5th order polynomial from g} . . = —23°to ¢} . 4 = 22°. During
the execution of this trajectory the human pushes against the robot and the
resulting scaled desired position ¢} (dashed line) shows the slowing down and
back-pushing along the trajectory depending on the disturbance input ¥(r)
(dashed-dotted line).

Trajectory scaling is intended for continuous physical interaction without switch-
ing the control mode. It is used when the robot is position or impedance con-
trolled, leading to a convenient way to interact with the robot without forcing

a global change of its behavior. At the same time, the user has the possibility
to almost instantaneously stop the robot by pushing against it.

A major advantage of trajectory scaling is that for a complex robot, such as the
DLR dual-arm humanoid Justin [29], only one of the sub-robots it consists of
has to slow down. For instance, pushing against one of the elbows as shown
in Fig. 3.23 slows down and finally stops/reverts both arms, both hands, the

torso, and the neck and not only the touched arm!4.

BThis is one important reason why the collision test-bed was built.
!4 At this point one common time basis for all parts of the robot is assumed.
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Figure 3.22: Measured trajectory scaling for a sample trajectory implemented on the LWR-IIL. The left
y—axis is relevant for the reference and scaled joint angle ¢’..

Figure 3.23: Physical interaction with the DLR humanoid Justin
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3.6 Summary

In this chapter a complete approach was presented, from detection to reaction,
for handling human-robot collisions without the need of external sensing. Col-
lision detection and identification signals can be efficiently generated e.g. by
resorting to energy arguments, or based on the robot generalized momentum
by using only proprioceptive measurements. After collision has been detected,
a reactive control strategy e.g. reduces the effective inertia seen by the Carte-
sian contact forces. The robot retracts itself safely and rapidly away from the
collision area, using the local directional information collected during the im-
pact. The developed methodology covers both the case of rigid manipulators
and of robots with elastic joints.

Furthermore, the method of trajectory scaling was introduced, which enables
the user to push the robot back and forth along a desired trajectory. This gives
a convenient modality to interact with the robot during task execution without
forcing the abortion of its current task. In combination with the collision detec-
tion and reaction methods it is used to establish a multi-level contact/collision
reaction architecture.

Using the LWR-III which was especially designed for interactive and cooper-
ative tasks, it was shown how the reactive control strategies can significantly
contribute to ensuring safety to the human during physical interaction. Sev-
eral collision tests were carried out, illustrating the feasibility and effectiveness
of the proposed approach. While a subjective “safe” feeling is experienced by
users when being able to naturally stop the robot in autonomous motion, a
quantitative analysis of different reaction strategies was lacking. In order to
compare these strategies on an objective basis, a mechanical verification plat-
form has been built that mimics some impact behavior of the human arm. The
proposed collision detection and reactions methods prove to work reliably and
are effective in reducing contact forces far below any level which is dangerous
to humans. Furthermore, evaluations of impacts between robot and human
arm or chest up to a maximum robot velocity of 2.7 m/s are presented.
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Crash-testing in robotics

Uhcpnéirained
impact
N\ —

N\

—F

Partially contrained impact Constrained impag
—

\ J/

Figure 4.1: Classification of undesired contact scenarios between human and robot.

Ensuring safety leads to various aspects ranging from preventing electrical
threats to coping with human mistakes. Up to now, this thesis focused on
developing different methods for collision avoidance, detection, and reaction,
i.e. to equip the robot with reactive motion control capabilities to appropri-
ately reacto to environmental changes and unforeseen collisions. In this chap-
ter however, the focus is on various aspects of physical human-robot contact
and their related injury potential. In Figure 4.1 a first overview on relevant
contact scenarios which potentially lead to human injury is given. Generally,
one can differentiate between free impacts, clamping in the robot structure, con-
strained impacts, partially constrained impacts, and resulting secondary impacts. In
this distinction it is not differentiated between blunt or sharp contact since the
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contact situation stays untouched in this context. The unconstrained impact is
characterized by only the robot and human being directly involved into the
collision. Clamping in the robot structure is e.g. a situation in which a human
arm is being crushed between two link segments of an articulated manipula-
tor. The case of a partially constrained impact is characterized by only a part of
the human being clamped which is not directly in contact with the robot (in
contrast to constrained impacts). This causes e.g. shearing and potentially large
torques on the human body at the shearing point. Apart from the direct effects
of collisions secondary impacts may cause further injuries, potentially leading to
even larger injuries than by the direct impact itself (please note that in the pic-
togram only one example of this type is given). A combination or sequential
order of the contact types is possible as well. Imagine a human that is stand-
ing in some distance in front of a barrier (e.g. a table) being hit by the robot in
free space, and then being partially clamped against the object. During each
of the depicted collisions various injury sources are present, such as fast blunt
impacts, dynamic and quasi-static clamping, or cuts by sharp tools.

Up to now, few attempts have been made to investigate real world threats
via collision tests and to use the outcome for considerably improving safety
during physical human-robot interaction. Although several countermeasures,
criteria and control schemes for safe physical Human-Robot Interaction were
proposed in the literature as e.g. [178, 48, 111, 127, 52, 60, 192], the main objec-
tive of actually quantifying and evaluating them on a biomechanical basis was
marginally addressed. In this chapter an overview is given of the systematic
evaluation of safety in human-robot interaction during blunt human-robot im-
pacts, covering various aspects of the most significant injury mechanisms. To
actually quantify the potential injury risk emanating from such manipulators,
impact tests with various robots were carried out using standard automobile
crash test facilities.

In this chapter it is concentrated on unexpected impacts of a smooth surface
related to the three body regions head, neck, and chest. Injury mechanisms
caused by sharp tools or similar injury sources were not taken into consider-
ation, since these mechanisms cannot be measured with standard crash-test
dummies’. To evaluate the resulting injury severity the European testing pro-
tocol EuroNCAP was applied. The results of several injury criteria for head,
neck, and chest were measured by the German Automobile Club (ADAC). The
most prominent index for the head is the Head Injury Criterion [287]. which
was introduced to robotics in [308, 26] and used as a basis for new actuation
concepts. As mentioned in Sec. 2.2.4, work that has been carried out up to now
in the field of physical human-robot interaction was mainly based on simula-
tions. These contributions indicated high potential of injury to humans by
means of HIC, already at a robot speed of 1 m/s. This also matched the “com-
mon sense” expectation that a robot moving at maximal speed (e.g. due to
malfunction) can cause high impact injury. In this regard this chapter presents
very surprising and striking results.

!Chapter 5 treats these issues in depth, especially analyzing soft-tissue injury due to cutting
and stabbing.
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Moreover, one of the main contributions of this chapter is the first experimen-
tal evaluation of HIC in standard crash-test facilities. Additionally to the im-
pact evaluation it will be shown that even with an ideally fast (physical) col-
lision detection one is not able to react sufficiently fast to a stiff collision (e.g.
head) in order to decrease the effect of the adverse contact forces for link iner-
tias similar or larger to the ones of the LWR-IIL

Based on these tests, several industrial robots of increasing weight were eval-
uated and the influence of robot mass and velocity investigated. The ana-
lyzed non-constrained impacts only partially capture the nature of human-
robot safety. A constrained environment and its effect on resulting human
injuries are therefore also discussed and evaluated from different viewpoints.
Apart from such impact tests and simulations the major problem of a quasi-
static constrained impact is analyzed, which poses under certain circumstances
a serious threat to the human even for low-inertia robots.

Based on the insights gained from the above analysis, the intention in the last
part of the chapter is to provide a crash-test report for blunt impacts for robots
in general. Such a procedure is essential for any robot that enters human en-
vironments in the future, since its inherent injury potential has to be analyzed
and quantified. The same holds for effective human-friendly control and mo-
tion schemes which have to be evaluated. For achieving such a representative
routine, new findings for the basic understanding of human-robot impacts are
contributed with large experimental campaigns. At the same time statements
given in the first part of the chapter are verified. These tests provide an exten-
sive set of data for the robotics community. Similarly to reports known from
the automobile world?, a fact based and result oriented view on the results
from a large experimental campaign is given.

This chapter is organized as follows. In Section 4.1 a brief overview of injury
quantification is given?, followed by Section 4.2, which describes blunt impact
tests with the LWR-III. Then, in Section 4.3 the role of robot mass and veloc-
ity is analyzed in detail for unconstrained impacts, followed by constrained
impacts in Sec. 4.4. Quasistatic clamping close to singularities is discussed in
Sec. 4.5. Finally, the results of the aforementioned large experimental cam-
paign are presented in Sec. 4.6.

4.1 Automobile crash testing

A large variety of injuries are possible during an accident of a human with
a robot, see Fig. 4.2a. In order to evaluate and categorize all these possible
injuries, a common definition of injury severity is needed. In the following
analysis an internationally established definition of injury level and its related
pendant in automobile crash testing is used. The Abbreviated Injury Scale
(AIS) which is defined in [4, 5] subdivides the observed level of injury into

%A well known example from Germany is the ADAC Motorwelt.
3Please note that Appendix 12 gives a rather extensive overview of injury biomechanics.
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Figure 4.2: The relationship between possible injuries of different body parts, its quantification and classifi-
cation. Injury types of the human body parts and their severity can be quantified by severity indices. These
in turn are mapped to a generic injury level like the Abbreviated Injury Scale.

seven categories from none to fatal, see Fig. 4.2c. In automobile crash testing the
EuroNCAP*, based on the Abbreviated Injury Scale and inspired by the U.S.
NCAP, is the European automobile crash testing standard. A standardized
color code indicates the corresponding injury potential, see Fig. 4.2c (bottom
right).

In order to quantitatively evaluate injury, severity indices are used which are
widely adopted and accepted measures of injury. Each of them is particularly
defined for a certain body region. Defining and validating appropriate injury
indices for a certain type of interaction is difficult, since it needs acquisition,
biomechanical analysis, and abstraction of data from real human injuries. The
biomechanical literature contains a large variety of such indices, but selecting
the appropriate ones for robotics is a challenging task, requiring interdisci-
plinary skills. Already introduced into the robotics literature in [26, 308] was
e.g. the Head Injury Criterion (HIC) [287] which is widely used in automo-
tive crash tests, see Fig. 4.2b. In the present chapter this criterion and other
indices will be analyzed in order to assess their use and relevance to robotics.
Mappings from a severity index to injury level or probability of injury level
exist and are usually expressed by means of AIS/EuroNCAP injury level. For
further information on EuroNCAP, HIC, AIS and for the definition of other
severity indices (not only for the head but also for the neck, chest, and eye),
please refer to Appendix 12.

*European National Car Assessment Protocol
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After introducing relevant aspects from quantification and classification of in-
jury in automobile crash testing, the important class of blunt unconstrained
impacts is discussed next. First, this will be done based on experimental data
acquired with the LWR-IIIL. Apart from evaluating this particular robot general
findings are reported as well. They give more general understanding of rigid
blunt impacts and some comments on the effect joint stiffness contributes to
safety in pHRI will be given.

4.2 Blunt unconstrained impacts with the LWR-III

In this section, the experimental setup at the ADAC, consisting of a LWR-III
and a standard frontal Hybrid III crash test dummy (HIII), is briefly described.

4.2.1 Experimental setup

Aluminum impactor g
o W ;%i!’p» b
¢ . : 3 "

Standalone LWR-IIT |§&2
Al

Figure 4.3: High-speed recording of the impact tests with a Hybrid III-dummy.

The HIII represents the standard equipment used to measure various front
crash injury criteria at a sampling frequency of 20 kHz. The signals are fil-
tered according to the standardized specifications given in [66]. In Figure 4.3
the impact configuration of the LWR-III for head impacts is shown, which
was chosen as a trade-off between high maximal impact velocity and large
reflected inertia (= 4 kg). The commanded impact velocity was ||X||tcp €
{0.2,0.7,1.0,1.5,2.0} m/s, ranging almost up to full Cartesian speed of the
robot. For this experiments the robot is additionally equipped with a high-
bandwidth force (1DoF) and high-bandwidth acceleration sensor (3DoF) moun-
ted on a 1 kg impactor which defines the contact geometry. Figure 4.4 indicates
the instrumentation of the HIII and the LWR-IIL
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Figure 4.4: Instrumentation of the LWR-III (additional external force and acceleration sensor) and the HIIL

The desired trajectory was a rest-to-rest motion which start, and the end con-
figuration was given by

Qstart = [—40 90 —90 —45 0 —90 147]°
Qend = [45 90 —90 45 0 —90 147]°.

In order to maximize the joint mass matrix (reflected inertia was ~ 4kg at
the TCP) the trajectory was selected such that the robot hits the dummy in
outstretched position. Furthermore, high TCP velocities can be achieved in
this impact configuration. In the experiments the robot impact velocities were
chosen to be ||X||rcp € {0.2,0.7,1.0,1.5,2.0} m/s.

A TCP velocity of 2 m/s is already close to the maximal robot speed and, as
pointed out later, poses a potential threat to the mechanics of the robot partic-
ularly in the case of impact.

4.2.2 Results for the head

In Figure 4.5 the resulting HIC34 values are plotted with respect to the impact
velocity of the robot. The corresponding injury classification is described in
Sec. 12.1.2. In order to classify an impact into the green labeled region, the
occurring HIC3s must not exceed 650, which corresponds to a resulting 5 %-
probability of serious injury (AIS > 3). This value originates from [230, 232]
and differs only slightly from the one obtained by the fitting function (12.5).

As indicated in Fig. 4.5, the HIC34 caused by the LWR-III is below 25 at 2 m/s
which corresponds to a very low injury level. The resulting probability of injury
severity obtained by (12.4) and (12.5) is =~ 0 % for all categories (more specifi-
cally 4.87 x 107% and 1.1 x 1075). Another aspect that clearly can be deduced
from Fig. 4.5 is that the HICsg is rapidly increasing with robot velocity.

Similar to the results of the HIC36, very low potential danger is indicated by
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Figure 4.5: Resulting HIC36 values for varying impact velocities, rated according to the EuroNCAP Assess-
ment Protocol And Biomechanical Limits.
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Figure 4.6: Resulting 3 ms-Criterion values for varying impact velocities, rated according to the EuroNCAP
Assessment Protocol And Biomechanical Limits.
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the 3 ms-Criterion. Even at a tip velocity of 2 m/s less than 20 % of the lower
limit of 72 g are reached, see Fig. 4.6.

4.2.3 Results for the neck
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Figure 4.7: Resulting impact force during head impacts.

The resulting neck force FX¢* for varying robot velocities caused by head im-
pacts is illustrated in Fig. 4.7. The actual impact is characterized by a very
short peak with duration and maximum value dependent on the impact ve-
locity. For fast impacts a low-level safety feature of the robot activates and
stops it because the specified maximum joint torques are exceeded. Therefore,
the maximum neck force/torque during the entire collision is determined by
this peak force/torque occurring within the first 5 — 20 ms of the impact. On
the other hand, if the impact velocity is very low (0.2 m/s), the impact force is
reduced dramatically and does not trigger the low-level stopping mechanism.
Consequently, steadily growing neck bending can take place, increasing neck
forces to even larger values than the ones caused by the original impact as the
robot continues to follow its desired trajectory. This becomes clear if the neck
forces for the impact velocities 0.2 m/s and 1.0 m/s are plotted for a longer
time period, see Fig. 4.7: After ~ 20 ms both impact maxima are over and at
1 m/s the low-level stop of the robot is triggered because the impact forces (up
to 2 kN were measured at the aluminum impactor) cause extremely high joint
torques. In contrast, at 0.2 m/s the neck force is steadily increasing and might
become even larger than impact forces at higher velocities.

In Figure 4.8 the occurring upper neck shearing and tension/compression for-
ces are plotted with respect to the positive cumulative exceedance time. Only
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Figure 4.8: Resulting F;; ,, and F, values for varying impact velocities, rated according to the EuroNCAP
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tension limits are specified in the EuroNCAP. However, according to [31] ten-
sion is more critical than compression and thus applying available limits to
both, tension and compression seems to be a reasonable choice.

The tolerance values for neck forces are not constant, but a function of the
exceedance time (see Sec.12.3). The particular neck tolerance values used in the
EuroNCAP originate directly from biomechanical and forensic literature and
are listed in standard textbook literature such as the The Handbook of Forensic
Medicine (German) [31]. The resulting forces are labeled with the corresponding
TCP velocity. A * indicates the forces caused by the impact and ¢} the ones by
continuous bending, if they were larger than the impact forces. In order not
to break the dummy neck the robot stopped a predefined distance after the
collision occurred. This limits the bending forces & torques which otherwise
would further increase. In Figure 4.9 (left) the results of the extension torque
are visualized. Similar to the previous head severity indices, the occurring
neck forces/torques are totally subcritical, i.e. pose no threat to the human.

sultine neck force FNeck
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Figure 4.10: Bending the dummy neck at a robot velocity of 0.2 m/s (left). Resulting dummy neck force
with and without collision detection and strategy 2 (right).

The second experiment concerns quasistatic loading for partially constrained
impacts. This was analyzed by pushing with the robot against a dummy head
with a constrained torso. The experimental setup and the neck force Fek
caused by head impacts for an impact velocity of 0.2 m/s are illustrated in
Fig. 4.10. The actual impact is characterized by a very short peak, which du-
ration and maximum value depend on the impact velocity. After this impact
phase, a steadily growing neck bending force arises in absence of a collision
detection. The plot with activated collision detection clearly shows the reduc-
tion in neck force due to the collision reaction strategy. In case of a constrained
human as depicted in Fig. 4.7 (left) one is therefore able to limit the neck forces
far below their critical value of 1.1 kN in any direction.
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4.2.4 Results for the chest

According to [231] a 5 %-probability of serious chest injury (AIS> 3) corre-
sponds to a compression of 22 mm and 50 % to 50 mm. In Figure 4.9 (right) the
resulting compression values are plotted with respect to the impact velocity of
the robot. Again, the injury potential is very low, as the values range in the
lowest quarter of the green area.

The results of the viscous criterion are not presented because the resulting val-
ues were located within the range of noise, this criterion is therefore not well
suited, nor sensitive enough for the evaluation. This is related to the relatively
low velocities, compared to the ones encountered in automotive crashes.

4.2.5 Parenthetic evaluation and discussion

During the experiments at the ADAC, the standard measurements for automo-
tive crash tests which can be acquired with a HIII for the head, neck and chest
were performed. Injury indices for the head are related to its acceleration, for
the neck to forces and torques and for the chest to acceleration and deflec-
tion. All calculations of the severity indices were carried out by the ADAC,
thus were done according to the EuroNCAP. The main conclusion of the ex-
periments concerning injury severity of humans is that all evaluated severity
indices are located in the lowest quarter of the green area in the EuroNCAP
color code.

This fact, surprising to the author and other robotics specialists (but not for the
ADAC staff), can be explained by the fact that the maximal speed of the LWR-
III (as of most industrial robots) is considerably lower than typical car veloci-
ties. Automotive crash test velocities usually begin at 10 m/s (= 36 km/h),
which is a rather slow car velocity, but is never reached by geared robots.
Accordingly, the main source of injury for car accidents is the high velocity;
all indices are tailored to reflect this aspect. More specifically, the evaluation
of severity indices as the HIC clearly indicates that severe injuries can be ex-
cluded during free impacts with a robot moving at speeds up to 2 m/s. The
correlation to injury probability of the HIC according to [200] indicates that
the probability of suffering from less or equal minor® injury is p(AIS < 1) =
7.5 x 1075 % for the LWR-III at such velocities. This is a gratifying result and
points out that the range of injuries which have to be treated during uncon-
strained blunt impacts are of very low severity. However, at the same time
the need for indicators clearly tailored to low severity injuries seems apparent.
To simply use the mapping of HIC to injury probability [200] appears not dif-
ferentiated enough since this criterion was clearly developed for much higher
injury levels and primarily intended for separating life-threatening from non
life-threatening injuries. Due to this re-focus on low injuries during free im-
pacts with robots®, injury mechanisms need to be analyzed to appropriately

> According to the Abbreviated Injury Scale.
From now on impacts not being faster than 2 m/s are assumed if not stated otherwise.
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represent this class of severity, and corresponding indicators have to be pro-
posed. As outlined in the next section, several dangerous aspects in human-
robot crashes can be identified and are worth to be treated in depth.

Apart from the stated results, some further conclusions will now be drawn
related to the nature of robot impacts with rigid human body parts such as the
head, which to some extent were unexpected. They give some new answers
to safety questions posed in the robotics literature. An increase in intrinsic
safety was unambiguously related to an introduction of joint compliance in
the robotics literature as described in [26, 308]. It was stated that a drastic joint
stiffness reduction is desired to realize a decoupling of the motor from the link
inertia. In turn this reduces the reflected inertia during human-robot impacts.
However, up to now it was unclear what exact joint compliance realizes this
decoupling since this is heavily influenced by the contact properties of the
human. In this sense the experiments also give some insight into this question
and show that a pure structural compliance (in this case mainly inherent in
the harmonic drive and the joint torque sensors) as the one of the LWR-III is
sufficient to realize this desired behavior.

Typical impact characteristics
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Figure 4.11: Impact characteristics at 2 m/s. All values are scaled in order to fit into one plot. The plot is
intended to show the timing of the signals: While acceleration ||% || and impact force Fex¢ are simultane-
ous, the joint torque 74 and the additional external torque estimation 74 react delayed to the impact (left).
Effect of stiffness reduction on impact force, HIC, and spring force (right). The solid line indicates the con-
tact force and the dashed line the spring force generated by the joint stiffness. The spring force decreases in
magnitude and increases in duration when reducing the spring stiffness. The HIC is constant HIC = 28.8
for all three simulations.

Figure 4.11 (top) shows the recordings of an impact with the dummy head at
2 m/s. It displays the torque 74 in the 4th joint, as well as the acceleration
[|%Xa1|| and force Fey; at the tip. The first observation is that the impact peak at
the contact between robot and head is very short (only 6 — 10 ms), while the
propagation of the impulse over the robot inertia and the joint elasticity leads
to a considerable delay in the joint torque peak. The consequences shall be
discussed here.
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Collision detection and joint stiffness
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Figure 4.12: A rigid impact between a compliant joint and the human head is already at moderately high
joint stiffness mainly a process between the link inertia and the human head. Please note that it is referred
to Impact phase and Post-impact phase in the sense that the former is relevant for the calculation of HIC or
maximum impact forces and the latter is not. Please compare to Fig. 4.11 (right) as well. On the one hand,
due to the short impact duration the link side inertia is basically decoupled already by the intrinsic joint
spring even without introducing more joint compliance. On the other hand, the following post-impact
phase is highly depending on the joint stiffness.

Before the joint torque starts increasing, the relevant force/acceleration peak
period is practically over. Thus, during this particular time interval motor
and link inertia are decoupled by the intrinsic joint elasticity, and only the
link inertia is involved in the impact. Therefore, decreasing joint stiffness e.g.
via antagonistic actuation would not have any effect on a (hard contact) head
impact with link inertias similar to, or higher than the ones of the LWR-IIL
At this point it is implied that the flexible joint assumption holds for similar
lightweight designs’. For collisions with softer body parts (e.g., the arm as
outlined in [102]) the impact duration is higher and decreasing joint stiffness
might reduce contact forces. To validate this statement, the resulting contact
force was simulated with a dummy head model® and a reduced LWR-III model
for three different stiffness values’, showing that the contact force, respectively
HIC is practically invariant with respect to a reduction of joint stiffness to val-
ues below the one of the LWR-III, see Fig. 4.11 (right). The spring force starts
principally increasing after the maximum contact force was reached, right be-
fore the contact to the head is lost. Therefore, neither the reduction of joint

"For a very stiff and heavy industrial robot this is e.g. not the case.

8The model is extracted from real impact data.

°The simulation is one-dimensional, meaning that reflected motor and link inertia as well as
reflected joint stiffness are used to simulate this collision.
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stiffness nor of the motor inertia have an influence on the (very short) impact
dynamics even for such intrinsic joint stiffness of the LWR-III's. Only the link
side inertia is influencing the impact force, see Fig. 4.12.

In order to investigate whether a physical collision detection scheme is able to
reduce impact characteristics, the collision detection and reaction scheme from
Chapter 3 is used in the experiment and indicated in Fig. 4.11 (left). Alterna-
tively, the acceleration signal of the impactor, i.e. an ideally fast detection, was
utilized to trigger the reaction schemes. In both cases the resulting values of
the injury indices did not differ from the ones obtained without any reaction
strategy. This is due to the inability of the motors to extract the kinetic energy
fast enough to decrease the impact dynamics.

Three main conclusions concerning severity reduction of impact characteris-
tics can be drawn:

* No physical collision detection and reaction mechanism is fast enough to
reduce the impact dynamics of fast and rigid impacts for the considered
robot type.

¢ For such impacts further joint stiffness reduction does not lower impact
forces or severity indices since motor and link inertia are already decou-

pled.

¢ Soft covering is an adequate countermeasure to reduce the impact effec-
tively.

Apart from these characteristic properties another important observation, made
at impact velocities starting from 1 m/s, is that the specified maximum joint

torques of the robot were exceeded for several milliseconds during the impact,

see Fig. 4.11 (left)!%. This shows that the robot is exposed to enormous loads

during such contacts and countermeasures are needed for ensuring safety of

the robot. Speed limitation to subcritical values is one option, others include

reduction in joint stiffness [105, 106] or fast collision reaction strategies. Both

measures, though not effective in protecting the human in case of free impacts,

can help to protect the robot joints. This is due to the difference of the duration

of the impact itself and the joint torque peak, see Fig. 4.11 (right).

At this point another remark concerning the deliberate introduction of me-
chanical compliance into the joint as e.g. in [193, 26, 286] shall be made:

1. On the one hand it was shown that adding more compliance into the
joint does not further reduce the impact characteristics already for the
relatively high intrinsic joint stiffness of the LWR-III.

2. On the other hand, it shall be pointed out that introducing an elastic
joint element makes it possible to store and release energy during mo-

!%In the robot a mechanical end stop limits the deflection range of the torque sensor which
then goes into saturation. A low-level emergency stop is initialized as soon as this event is
triggered.



4.2. BLUNT UNCONSTRAINED IMPACTS WITH THE LWR-III 77

tion!!. By utilizing the intrinsic joint stiffness it is possible to achieve

link velocities above motor levels by choosing an appropriate trajectory.
This energy storage and release mechanism gives animals their ability
to have outstanding peak performance by means of velocity and was re-
cently used for robots similar to a catapult in [245] and for performance
increase in [219, 212, 299, 106].

As will be shown later, impact velocity is the main governing factor during a
rigid impact. Thus, a joint design which is intrinsically faster is actually more
dangerous by design. One could even argue that a compliant joint is more
dangerous than a stiff one in some worst-case conditions (e.g. operated at
maximal velocity). Therefore, additional control and planning measures have
to be taken in order to keep a compliant joint safe in dynamic operation mode
More details on this issue are discussed in Chapter 9.

4.2.6 Human-robot impacts

Figure 4.13: Impact tests with a human chest at 2.7 m/s and head at 1.5 m/s. The impact velocities for
the abdomen and the shoulder were as well 2.7 m/s which is the maximum velocity of the robot. During
all these experiments the robot does not react to the activated collision detection. During all these tests the
robot stopped only due to an exceedance of the maximum nominal joint torques. However, as a result from
the crash test dummy experiments, the impact forces caused by the very short collision duration cannot be
affected by this feature due to its delayed reaction. These test were initially shown in [92] and support if
not even prove the previously given conclusions.

HPlease note, that this is not a discussion about variable joint stiffness but about a low con-
stant joint elasticity.



78 CHAPTER 4. CRASH-TESTING IN ROBOTICS

Due to the results described in the previous sections, and to give the proof for
the extremely low injury risk during blunt impacts with the LWR-III, impact
tests at increasing robot speed were carried out with a volunteer for the chest,
abdomen, shoulder, and the head. Impact speeds ranged up to 2.7 m/s for
the first three body parts and up to 1.5 m/s for the head. During the entire
experimental series the collision detection was switched off (more accurately:
the detection was activated but the robot was programmed to continue its de-
sired trajectory in case of a collision). Only a low-level feature of the robot
engaged the brakes in case of exceeding the maximum nominal joint torques
of the robot. However, this feature is not able to affect the impact itself due to
the delayed increase of the joint torque (see Sec. 4.2.5).

As predicted by the dummy tests no injury could be observed even at such
high speed impacts.

4.2.7 Influence of robot mass and velocity
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Figure 4.14: Resulting Head Injury Criterion calculated from simulated 1DoF impacts between a robot with
increasing mass and a dummy head model deduced from real impact data. Clearly, a saturation effect can
be observed with increasing robot mass. In other words only the impact velocity is relevant above a certain
robot mass. This can be explained by an intuitive analogy: Whether the robot hits the human or the human
hits the robot is not relevant. Therefore, being hit by an infinite mass robot at 2 m/s is basically the same
as running with 2 m/s = 7.2 km/h (fast walking) against a rigid wall. Already the intuition tells from
everyday experience that such an impact is certainly hurting but never even close to life threatening.

RUNNING TYPE Velocity [m/s]
Slow walking 0.5
Fast walking 2.0
Race walking 4.0
Running (world record 2006) 10.35

Table 4.1: Human walking/running speeds according to [114].

Since the LWR-III with its lightweight design is especially designed for the
close cooperation with humanes, it is desirable to evaluate the effect of the robot
mass on the dynamics of such an impact for a more general class of robots.
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Figure 4.15: Running against a rigid wall.

Apart from the robot’s mass, the influence of its velocity is of interest. Fig-
ure 4.14 shows the dependency of HIC on the robot mass up to 500 kg with the
graphs being parameterized by impact velocity. Two main statements can be
deduced:

¢ HIC saturates with increasing robot mass for all impact velocities.

¢ Impact velocity is the major factor defining the injury severity.

The first statement was unexpected as it contradicts the intuition of a massive
robot being a priori life threatening. However, an intuitive and afterwards ob-
vious interpretation of the saturation effect can be drawn: whether a massive
robot collides at 2 m/s with a human head or the human runs with 2 m/s
(which is equivalent to 7.2 km/h) against a rigid wall is nearly the same, see
Fig. 4.15. This intuitive example already shows that one would not be seriously
injured, even though this impact occured at relatively fast walking speed, see
Tab. 4.1, where the velocity of human walking up to world-class running ac-
cording to [114] are listed. Therefore, even the infinite mass robot cannot be-
come dangerous at 2 m/s by means of impact related criteria used in the auto-
mobile industry (such as HIC), as long as clamping and impacts with sharp
surfaces can be excluded.

To further clarify, assume a simple mass-spring-mass model for the impact be-
tween human and robot'2. My and My, are the reflected inertias of the human
and robot. K is the contact stiffness which is in case of a rigid robot mainly the
stiffness of the human contact area. i}, is the relative impact velocity between
the robot and human. Solving the corresponding differential equation leads to
the contact force

Lﬁv%wn cos(wnt) My if [t| < T

Mg+ My

Foxt = (4'1)

iy
0 else,

2For the HIC a Hunt-Crossley model was assumed but at this point the discussion is kept
simple and therefore a linear spring between robot and human head mass is assumed.
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Inertial saturation Inertial saturation (zoom)

0 I

100 200

Reflected robot inertia Mp[kg] Reflected robot inertia M R ﬁ{g]

Figure 4.16: The inertial saturation coefficient € describes the effect robot mass has on the maximum contact
force during an impact between a robot and a human. A reflected inertia of ~ 17 kg causes already 90 % of
the maximum possible contact force.

where w,, = /MatMu ¢ and T = 22, The maximum value of this force is
MprMpy Wn
consequently

Mpg Mg+ My .0 MgpMpg .0
Fohax — VEKipMpy=4/———VKip. 4.2

If the robot mass is significantly larger than the human head mass'?, i.e. My >>
My this reduces to

FUaX(Mp >> My) = /K Myi%. (4.3)

This shows that for a robot with significantly larger reflected inertia than the
human head, only the contact stiffness, the impact velocity, and the mass of
the human head are relevant but not the robot mass. In other words, the in-
tuitive analogy of “Being hit at a certain velocity by an infinitely large robot is
basically the same as if the human is running at this particular velocity against
a rigid wall” is confirmed.

In order to help quantify the influence of the reflected inertia of a particular
robot during an impact with a mass-spring complex the inertial saturation coef-
ficient is introduced.

Fmax Mg
€= =/ —L < (4.4)
Fmax(Mp >> Mpy) Mg + Mg

3 Assuming a simplifying decoupling of the head from the torso, which holds for the short
duration of the impact. For the post-impact phase, neck stiffness and body inertia have to be
considered, which complicates the analysis considerably.
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This quantity describes independently from the contact stiffness and impact
velocity up to what percentage of the maximum (saturated) contact force is
generated by a particular robot, see Fig. 4.16. In other words, it is possibile to
define the maximum allowable force level (percentaged by means of the satu-
ration force), leading to requirements concerning the maximum reflected iner-
tia of the robot. As will be pointed out in Sec. 4.3.2 it has to be distinguished
between different body regions and their characteristic contact parameters and
tolerance forces if the actual injury shall be evaluated.

Based on the preceding impact analysis the particular injury heavy-duty robots
would cause for rigid blunt impacts is discussed in the next section in more de-
tail .

4.3 Blunt unconstrained impacts for general robots

In this section the experimental confirmation of the statements given in Sec. 4.2.7
regarding saturation of HIC with robot mass is presented. The results clearly
indicate that HIC and similar criteria which refer to severe injury have low
values. It is crucial to evaluate lower severity injuries and find adequate mea-
sures for them. The evaluation of HIC and related criteria significantly reduces
the range of injury severities to be investigated. Now, a closer examination at
this lower range injuries has to be taken.

As recorded contact forces during all impact experiments were in the kN range,
fractions of facial and cranial bones were identified as a potential injury worth

to be investigated due to their correlation to contact force!4.

4.3.1 Evaluated robots

In order to cover a wide range of robots and to be able to verify the satura-
tion effect explained in Sec. 4.2.7, the 54 kg KUKA KR3-SI (a robot designed
for human-robot interaction), the 235 kg KUKA KR6 and the 2350 kg KUKA
KR500 (Fig. 4.17) are compared with the LWR-IIL. The industrial robot tests
were carried out with a simplified setup (denoted as Dummy-dummy), mim-
icking a HIIl dummy head®.

A feature of the KR3-SI, which has to be mentioned, is the safeguarding of the
tool by means of an intermediate flange with breakaway function, triggering
the emergency stop in case the contact force at the TCP exceeds a certain static
force threshold!®. In combination with the mounted impactor the weight of
the flange-impactor complex is 1.4 kg.

“Their fracture tolerance correlates to certain contact forces.

5This was due to the high costs of crash tests at certified facilities.

!%The initiated emergency stop is a Category 0, 1 stop according to DIN EN 60204. Category
0 stop means that the drives are immediately switched off and the brakes engage at the same
time. A Category 1 stop lets the robot halt with a hard stop trajectory without using the brakes.
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Figure 4.17: Setup of impact tests with the KUKA KR3-SI (lower left), KUKA KR6 (lower right) and KUKA
KR500 (top). Reflected inertias in the direction of impact were {12, 67,1870} kg.
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4.3.2 Head Injury Criterion and impact forces
Injury HIC
Level Level
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Figure 4.18: Resulting HIC3¢ values at varying impact velocities for all robots, rated according to the Eu-
roNCAP Assessment Protocol And Biomechanical Limits. All robots produced HIC at impact velocities up to
2 m/s values which are ranged in the lowest range of injury level. Furthermore, the previously described
saturation effect of the HIC can be observed. In addition, the HIC for the KR500 was measured at 2.9 m/s
and 3.7 m/s which is the maximum velocity for this robot. The resulting HIC values are still in the lower
half of the very low injury level.
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Figure 4.19: Contact forces for simulated impacts between a robot and the frontal area (top) and the maxilla
(lower) showing the dependency on the robot mass and velocity. The impact velocity steps are 0.5 m/s.
Similar to HIC a saturation effect can be observed and it becomes clear that for this conservative estimation
already impact forces of 1 m/s potentially break the maxilla.

In Figure 4.32 the resulting HIC values for the different robots are depicted
and classified according to the EuroNCAP. The values for the KR3-5I are even
lower than for the LWR-III because the intermediate flange decouples the im-
pactor at the moment of impact from the entire robot. Therefore, only the
flange-impactor complex is involved in the impact. Furthermore, the satura-
tion effect explained in Sec. 4.2.7 is observed, as the numerical values for the
KR6 and KR500 do not significantly differ. The simulation results presented
in Fig. 4.14 should be considered as conservative, since the actual saturation
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value is even noticeably lower than predicted by simulation. This result indi-
cates a very low potential injury and the probability of a resulting injury level
of AIS > 3 according to [200] is maximally ~ 0.15%, i.e. negligible. The HIC
for the KR500 measured at 80 % and 100 % of maximum joint velocity, corre-
sponding to a Cartesian velocity of 2.9 and 3.7 m/s, was 135 and 246. This
means that even an impact of such a huge robot as the KR500 cannot pose a
significant threat to the human head by means of typical severity indices from
automobile crash testing. The injury level for these values are as well located
in the green area and the probability of AIS > 3-injuries are 1.2 % and 3.6 % for
the faster impacts with the KR500, see Fig. 4.32.

The results indicate that HIC and similar criteria are apparently not appropri-
ate measures of possible injuries in robotics (by means of relevance for human-
robot interaction)'’, necessitating the investigation of other injury mechanisms
of lower severity like fractions of facial & cranial bones, which could occur
during human-robot collisions. This is indicated by recorded contact forces of
the discussed impact tests which were in the order of the fracture tolerance of
these bones [97, 98].

In Figure 4.19 the dependency of the impact force w.r.t. the robot mass and
velocity (the robot is assumed to move with constant velocity) for the frontal
bone and the maxilla are visualized. Since the goal is to establish safety limits
which ensure the prevention of fractures, the simulations were carried out for
worst-case conditions!®. For all bones!?, except the frontal one it appears that
starting from the saturation mass value?, a velocity between 0.5-1.0 m/s is
enough to cause fractures. The frontal bone on the other hand is very resistant,
generally withstanding impacts approximately up to 2 m/s. Furthermore, it
becomes clear that especially for robots with less than 5 kg reflected inertia at
the moment of impact the velocity can be significantly higher without exceed-
ing the limit contact force. For weaker bones like the maxilla impact speeds of
2 m/s are already posing a major fracture source even for low-inertia robots.

The experiments described in Tab. 4.2 validate the assumption of a conserva-
tive but nevertheless realistic upper bound. According to [138] the correlation
between kinetic impact energy and injury severity by means of frontal frac-
tures for cadaver head drop tests on ground were observed.

Below 50 J usually no fractures occur. Animpact velocity of 2m/s would mean
a kinetic energy of 10 J at a drop height of 0.2 m. The impact force would be
4.4 kN for the assumed stiffness of the frontal bone in Fig. 4.19 (left), implying

7In contrast to the requirements in human-robot interaction it is claimed in Chapter 8 that in
Competitive Robotics a robot must not be more dangerous than a human [105, 106]. In order to be
a peer opponent, as e.g. in the ultimate goal of RoboCup, the robot needs to have similar phys-
ical capabilities as a human, leading to extraordinary speed requirements. Since such impacts
are coming close to velocities at which automobile crash testing takes place, injury measures as
the Head Injury Criterion definitely can be used to evaluate possibly occurring injury there.

8The contact stiffness is assumed to be the worst-case found in the literature.

YSimulations for other facial and cranial bones were carried out as well and show similar
behavior.

The robot mass from which on a further increase does not result in significantly higher
forces.
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Energy [J] Resulting injury

50 — 100 Drop from 1 — 2 m height (4.6-9.6 m/s). Resulting in simple
linear fracture of AIS = 2 or a more severe AIS = 3 injury

100 — 200  Complicated fracture with AIS > 3 injury severity

~ 200 Vascular injury, therefore hematoma. Combination of AIS
for skull and brain AIS > 3

Table 4.2: Drop tests with cadaver heads.

a fracture already at 10 J. This can be explained by the conservative estima-
tion of the frontal stiffness which neglects the comparatively slowly increasing
force in the beginning of an impact [19, 18]. Therefore, Fig. 4.19 (right) and
Fig. 4.19 (left) are overestimating the resulting injury. However, e.g. in [183] it
is shown that frontal fracture can already occur at 2-3 kN for smaller contact
areas and [249] indicates frontal fractures already at 37 J?'. Due to the sig-
nificant biomechanical variation found in the literature the most conservative
contact stiffness is assumed, leading to an upper bound which is conservative
in the range of factor 2. Compared to the ISO-10218 which is conservative?? in
the range of more than an order of magnitude (for both, the force and veloc-
ity), the suggested limits prevent the strong limitation of robot performance
demanded by the ISO-10218.

In order to estimate the consequences after a fracture occurs one has to take
into consideration that the initially applied human model is no longer valid
after the fracture. This is because the resistance of the human head is dra-
matically lowered, possibly causing even more severe injury. A precise state-
ment about these consequences is currently not possible but the experiments
according to [138] give first hints. Furthermore, empirical data on cadaver ex-
periments at =~ 22 km/h (= 6 m/s) with an impactor of 23 kg exists [236, 137].
Such impacts lead to maximum AIS = 3 injuries for facial impacts, while eval-
uating the skull, brain, neck, and skin. Note that the authors state that for
reality (meaning living humans) AIS = 4 is not excluded. Based on these ex-
periments it may be presumed that, due to the increasing injury severity with
impact velocity, much less severe injuries occur at the typical robot velocities
investigated.

The next section describes clamping simulations based on measurements with
several industrial robots to examine at the large injury potential posed by en-
vironmental constraints.

2! An impactor was used, i.e. drop tests with a pre-defined impactor mass were carried out.
ZThe 1SO-10218 imposes a velocity limit of 0.25 m/s, corresponding to a drop height of
2 mm.
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4.4 Constrained blunt impacts

In the preceding part of this chapter non-constrained blunt impacts were in-
vestigated with respect to robot mass and velocity. The effect of these robot
parameters in case of clamping are outlined in this section. Robotics literature
deals mainly with free impacts [26, 111, 308], only few works as e.g. [172] give
a short notion about the injury potential emanating from clamping.

Concerning injuries caused by robots, only little data or literature is available.
In [282] the United Auto Workers (UAW) union published a report which pro-
vides raw data on various injuries related to robot operations. It indicates that
a major fraction of occurring injuries involve somehow clamping of a human
body part. Since it is not feasible to adequately treat all different contact types
at the same time, this section concentrates again on blunt contact.

A typical situation where a human operator can be clamped is e.g. during
maintenance of a robotic work cell. Due to the (partially) confined workspace
it is possible to get clamped e.g. between the safety fence or a workbench and
the robotic structure?. In order to analyze the mechanisms behind such a pro-
cess it is first explained which types of blunt clamping are relevant to robotics
and next the braking distance of various investigated robots is given. These
tests are especially done for estimating the equivalent braking force for a one-
dimensional impact simulation?®, which is used to analyze maximal contact
forces and evaluate severity indices. This is necessary to analyze constrained
impacts with biomechanical models of the human head and chest. Because
unfortunately, real clamping tests with a crash-test dummy (e.g. HIII) and
heavy-duty robots are not realizable without destroying the equipment these
validated simulations needs to be relied on. In these simulations it is assumed
that the robot is able to detect a collision and immediately engages its brakes.
It seems clear that (at least) an industrial robot is able to generate forces high
enough to kill a clamped human if it is not able to react at all and just continues
to follow its desired trajectory.

Furthermore, it is shown that with a robot like the LWR-III, which is espe-
cially designed for human-robot interaction, clamping is under normal cir-
cumstances not leading to life-threatening injury by means of typical injury
measures from the automobile industry, but less severe injuries like fractures

of facial and cranial bones can occur (for a conservative analysis)25.

4.4.1 Types of blunt clamping

Generally, two types of blunt clamping can be differentiated: Dynamic and
quasistatic. According to [282] the first one is a major injury source in indus-
trial applications and will be the focus of this section. The second one occurs

BClamping can as well occur within robotic elements, such as two links, but this is not part
of the analysis.

#A full dynamic model of the industrial robots for simulation is not available.

PThis does not mean these are the only possible injuries, other ones like contre coup [31] or
secondary injuries need further investigation.
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High velocity Low velocity

Figure 4.20: Two different types of clamping: Dynamic clamping at high Cartesian velocities (left) and
quasistatic clamping during low velocity movements or near singularities (eventually high joint velocities
but slow Cartesian velocity).

if the robot is moving slowly or if the robot is close to a singularity. This is
discussed in Sec. 4.5, 4.6.2, and 4.6.2.

* Dynamic Clamping: Dynamic clamping describes the situation where the
human is trapped against a rigid object while the robot moves at consid-
erably high Cartesian velocities and hits the human body part as indi-
cated in Fig. 4.20 (left).

* Quasistatic Clamping: The injury potential of a quasistatic collision stems

mainly from the maximum force the robot is able to exert and the space
available to crush the body part? as indicated in Fig. 4.20 (right).

4.4.2 Braking tests

Robot Weight [kg] Nom. Load [kg] Refl. Inertia [kg]
LWR-III 14 14 4
Kuka KR3-SI 54 3 12
Kuka KR6 235 6 67
Kuka KR500 2350 500 1870

Table 4.3: Inertial key facts of evaluated robots.

The braking distance was measured at various initial velocities, serving two
purposes:

1. Obtain and compare measurements of the braking distances of real robots
at typical velocities.

%The space available describes whether enough distance is available with respect to the
robot’s workspace in order to exceed the particular tolerance values of the body part.
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Figure 4.21: Reduced clamping model for the industrial robots. C'D denotes the binary collision detection
signal. The robot is assumed to approach with constant velocity and as soon as a collision is detected exerts
the maximum braking force on the robot inertia reflected at the tip in moving direction until contact with
the clamped human is lost.

2. Calculate the equivalent braking force for a reduced one-dimensional
model of the particular industrial robot.

The one-dimensional model contains the relevant Cartesian direction of the
reflected robot mass M, € R®*6 at the tip [145]

M, = (Je(@)M(q) " Jo(q)) ™" (4.5)

In order to measure the braking distance of the robots (except for the LWR-III)
they were abruptly stopped at various (up to full) speeds with and without
brakes during their commanded trajectory execution. In this chapter the brak-
ing distance is used, obtained for a particular configuration and velocity, to
simulate impacts with clamped humans. In Figure 4.21 the desired model is
shown: The robot is represented by its reflected Cartesian inertia, listed in
Tab. 4.3, and moves at constant velocity (). As soon as a collision is detected
the robot immediately brakes with maximum available force 2). The braking
force acting on the reflected inertia is estimated from the real trajectories (see
Appendix 14). All models used for the head and chest of the human can be
found in [206, 180, 19, 18, 175].

Table 4.4 compares the braking distance and time of all evaluated robots®. It
shows that increasing the robot mass results in very large braking distances up

#The LWR-III is compared with the KUKA KR3 (54 kg), the KUKA KR6 (235 kg), and the
KUKA KR500 (2350 kg).
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Robot Atiqie[ms]  Atgop[ms]  Azg[em]  Azige[cm]
LWR-III (link) 11-23 200 = 0.55-6.8 0.23-4.8
LWR-III (dummy) 11-23 200 | 0.254.2 0.23-4.8
LWR-III (motor) 4 250  not def. not.def.
KR3-SI (Cat.0) 3648 200-300 6.5-34 2.6-9.6
KR6 (Cat.1) 36—48 150-200 624 2.4-95
KR6 (Cat.0) 36 48-132 1-17 0.8-7
KR500 (Cat.1) 60-72 400-650 16-69 4.2-14
KR500 (Cat.0) 12-24 60-336 0.8-42 0.6-7

KR6(]Ilnax (Cat.l)
KR6(]Ilnax (Cat.O)

KR500;mx (Cat.1)
KR500,max (Cat.0)

Table 4.4: Comparison of Cartesian braking distances and time for impact velocities of 0.2-2 m/s for all
robots. For the LWR-III an impact reduces the braking distance significantly (shaded grey). Braking char-
acteristics for maximum velocities (shaded red) of KR6 and KR500.

to 690 mm for the KR500 at robot speeds up to 2 m/s at Category 1 stop®. At
maximum joint velocity (3.7 m/s Cartesian velocity) the KR500 needs almost
2 m at Category 1 to fully stop, see Fig. 14.4. Category 1 stops significantly
reduce the braking distance. Furthermore, a comparison concerning idle and
stop time (Atsiop = Atidle + Atprake) and idle and stop distance is given in
Tab. 4.4 which already suggests the assumption that collisions could become
fatal in case of clamping. Detailed plots of these experiments are given in the
Appendix 14.

4.4.3 Experimental results with the LWR-III and KR6

Before fully analyzing clamping in simulation, two experiments, which give
some important insights, are described in the following.

LWR-III chest impact with HIII

In Figure 4.22 (left) an impact of the LWR-III with a Hybrid III Dummy (HIII)
sitting in (and confined by) a car seat is shown. For all impact velocities
the maximum nominal joint torques are exceeded and consequently the robot
stops. Alternatively, in case the collision detection of Chapter 3.3 is activated
the robot reacts compliantly since the reaction scheme is able to limit the joint
torques and prevents the previously mentioned low-level stop. This is pos-

*The stop category is defined in DIN EN 60204. Category 0 stop means that the drives are
immediately switched off and the brakes engage at the same time. A Category 1 stop lets the
robot halt with a hard stop trajectory without using the brakes.
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Compression Criterion CC

CC [mm)]
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Figure 4.22: Impact tests with a clamped HIIL The robot hits the dummy in outstretched configuration at
various impact velocities (left). Measured Compression Criterion for a clamped HIII with the LWR-IIL. All
values correlate to very low possible injury by means of the EuroNCAP (right).

sible?” up to impact velocities of almost 2 m/s. From the high-speed videos
that were recorded at a frame-rate of 1 kHz it can be observed that the ac-
tual impact is completed before the trunk of the dummy starts moving and
gets pushed into the seat. Therefore, the compliance of the seat did not influ-
ence the impact. In other words, the chest impact dynamics do not differ for
the LWR-III, no matter whether the dummy is clamped or not. In Figure 4.22
(right) one can see the resulting compression criterion (CC) plots for various
impact velocities ||xg|| € {0.2,1.0,1.5,2.0} m/s. The maximal numerical value
of 5 mm is far below the threshold value of 22 mm corresponding to very low
injury by means of EuroNCAP. Therefore, no serious injury of the chest can
occur with the LWR-IIL if the human is clamped because the maximal nominal
joint torques are exceeded before the CC values could become critical. This is
true, even if the collision detection fails.

Cracking a Coconut

Figure 4.23: Cracking a coconut with a KR6. An aluminum fixture keeps it centered.

A major drawback of crash-test dummies is that they cannot be used to mea-
sure forces acting on the clamped head. In order to illustrate the threat ema-

In contrast to the significantly harder impact with the head, where the collision detection
and reaction cannot contribute to the reduction of joint torques anymore already at moderate
robot speed [96].
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Figure 4.24: Cracking a coconut with the KR6. Contact force profiles for two different sample coconuts.

nating from heavy high-torque robots it is demonstrated what a 6 kg-payload
robot like the KR6 is already capable of via an intuitive example: Cracking a
clamped coconut, see Fig. 4.23. The robot moves on a predefined trajectory
in Cartesian space and impacts the coconut at 0.6 m/s. The coconut is not
able to slip away due to an aluminum fixture keeping it centered. The force
needed to crack the nut with the blunt impactor is Fixt ~ 4 kN, as indicated
in Fig. 4.24 by the force profiles of such cracks for two different coconuts. It
is not entirely clear, whether the initial smaller peak is due to the dynamics
of the impact (robot, controller, contact dynamics), slippage, or a first partial
crack in the structure. However, slippage appears to be unlikely due to the re-
producibility of the experiment, the fixture, and the high stiffness of the robot.
An initial crack is also less probable due to the smooth behavior after the initial
peak. The measured fracture force corresponds to the typical one of the human
frontal bone [97]. The magnitude of the required fracture force shows that this
experiment is a sufficient showcase for the clamping of a human head, which
would behave similarly®.

In the next subsection impact simulations are examined that lead to some more
general statements about constrained head and chest impacts.

4.4.4 Simulations
In this section the results of the impact simulations with a full model of the

LWR-III and one-dimensional representations of the industrial robots are shown.
The collision detection and reaction strategy for the LWR-III are as described in

¥However, according to [138] a human head would usually slip away for quasi-static load-
ing. This was observed as well for the coconut, leading to the usage of the aluminum fixture.



92 CHAPTER 4. CRASH-TESTING IN ROBOTICS

Chapter 3.3. The reflected inertias of the industrial robots and the description
of fracture forces and severity indices can be found in Tab. 4.3.

Facial Impact Forces with Clamping

ROBOT Contact Force Maxilla Fracture?
LWR-III 0.6 kN@1 m/s No
LWR-III 1.2 kN@2 m/s Yes
KR3 2.2 kN@2m/s Yes
KR6 (Cat.0&1) 5.1 kN@2m/s Yes
KR500 (Cat.0&1) 23.6 kN@2m/s Yes
ROBOT Contact Force Frontal Fracture?
LWR-III 3.5 kN@2m/s No
KR3 6.9 kN@2m/s Yes
KR6 (Cat.0&1) 16.3 kN@2 m/s Yes
KR500 (Cat.0&1) 86.3 kN@2m/s Yes

Table 4.5: Conservative impact forces with clamping at 2 m/s obtained for the maxilla and frontal bone.

In Table 4.5 the clamping forces of the maxilla and frontal bone®! for impacts
at 2 m/s for all robots® in their particular impact configuration are listed. The
robot reacts to the collision by braking with maximum reverse torque and con-
tinuing until contact with the head is lost. The simulations show the vast in-
fluence of the relation robot mass«<braking or motor torque and already the KR3
produces twice the contact force the LWR-III generates®®. However, all robots
can potentially break the maxilla, including the low inertia LWR-III at 2 m/s.
Nonetheless, one should keep in mind that the model and fracture forces as-
sumed in this simulation are kept conservative. The linear model assumption
does e.g. not take into account an initial sub-linear characteristic of the real
force-deflection relationship of the bone [19, 18]. Furthermore, the fracture
forces used in [97] are conservative ones that were found in the literature. For
the LWR-III the resulting maximally allowable velocity is ~ 1 m/s for maxilla
impacts if the stop is performed without brakes. With brakes this critical ve-
locity could be significantly higher due to the reduced braking distance, see
Appendix 14 Fig. 14.2. For the frontal bone even 2 m/s is still a safe velocity in
case of the LWR-IIL For industrial robots a difference between Cat.0 and 1 stop
cannot be observed, showing the inherent danger emanating from such heavy
robots (for both evaluated bones). However, not only the force should be con-
sidered but the deflection as well. For the KR500 a numerical value of 236 mm

310ther bones were investigated as well, but their analysis would not contribute additional
insight.

32For this simulation the KR3-SI is assumed to have no intermediate flange with breakaway
function, i.e. a KR3 is assumed.

*The relation between motor torque and inertia scales disadvantageously when increasing
dimensions.
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is obtained for the maxilla, which is deadly. Additionally, one has to take into
consideration that the applied human model is not valid anymore after the
fracture occurs. This is because the resistance of the human head is dramat-
ically lowered, possibly causing even more severe injury (higher deflections
after the fracture will occur and lead to numerous internal injuries).

Chest Impacts with Clamping

ROBOT CC [mm] VC [m/s] FZ, [N]
LWR-III 14.4(0.0) 0.035 741.6(1.3)
KR3 (Cat.0) 31.2(0.0) 0.1 851.9(1.4)
KR6 (Cat.0) 65.5(2.0) 0.25 2836.1(2.7)
KR6 (Cat.1) 66.6(2.1) 0.25 2904.6(2.7)
KR500 (Cat.0) 228.0(6.0) 0.84 [ 14282.0(6.0)
KR500 (Cat.1)  245.0(6.0) 0.89 I 15491.0(6.0)

Table 4.6: Simulated values for chest severity indices and corresponding AIS values at 2 m/s obtained for
the human chest.

In Table 4.6 the compression criterion (CC), viscous criterion (VC), and the
clamping force F5,; of the chest are listed for all robots at 2 m/s impact velocity.
The corresponding EuroNCAP injury level is indicated for CC and VC. For the
CC the AIS level, obtained by the mappings introduced in [97], is additionally
given in brackets as well. The contact force F%; is not part of the EuroNCAP
evaluation but the corresponding AIS values according to [155] are denoted.
The injury level of the CC and F; show how increasing robot mass leads to
a higher probability of injury level with respect to the EuroNCAP definition
and/or AIS. The LWR-III does not pose a threat to the human chest, as indi-
cated in Sec. 4.4.3. The KR6 on the other hand can cause very high injury level
by means of the EuroNCAP classification. The AIS mapping which is less con-
servative indicates approximately AIS = 2, meaning recoverable injury. The
KR500 is deadly as intuition already tells. The viscous criterion is due to the
still low velocities subcritical except for the KR500 because the deflection then
dominates the criterion®*. The same conclusions as for the CC can be drawn
from the contact force and its correlating injury level.

Similar to the head it may be sum up that the chest is posed to a continously
increasing threat with growing robot mass if the human is clamped. CC and
Fex appear to be good indicators of injury for the chest in case of clamping
due to their sensitivity in the relevant ranges.

In Figure 4.25 the full time courses for CC and VC are given. The left col-
umn shows the time evolution of the viscous criterion parameterized by im-
pact velocities up to 4 m/s and the right column the same for the compression

*This is consistent with the fact that VC is used for high velocity injuries in automobile
crash-testing.



94 CHAPTER 4. CRASH-TESTING IN ROBOTICS

Compression Criterion CC (KR3)

Viscous Criterion VC (KR3)

o —0.25m/s
—0.25m/s 1.0m/£
— 1.0m/s 2 0m/s
04 —2.0m/s |4 % 50
——3.0m/s El —A.Om/As
—4.0m/s = —4.0m/s
03 1 _—
o 40
2
L o2 E k3]
= [}
= Clq:i) 20
g 01 i <
<
‘g
f 20
0 5]
=
=
-0.1 1 10
- [ 0‘1 0‘2 0‘3 0‘4 0‘5 0‘5 0‘7 U‘B (\
time t[S 0 01 0.2 03 04 . 05 0.6 07 08 0.9 1
time ¢[s]
. — Compression Criterion CC (KR6
Viscous Criterion VC (KR6) P ( )
: ——0.25m/s
25m/s —1.0m/s
om/s || :
08 —2.0m/s
.0m /s 100 5
2.0m/s — ——3.0m/s
——3.0m/s g Lomre
e —20m/s |7 E — 4.0m/s
04 1 o 80
o
= £
> 02 ] g
= UE) 60
[SI <
> 2
02 ] g o
=
=
04 i
B
20
08 1
0% 01 02 03 04 05 06 07 08 /\
tinle f/[S] 0 01 02 03 04. 05 06 07 08 09 1
time ¢[s]
Compression Criterion CC (KR500
Viscous Criterion VC (KR500) ( )
—0.25m/s
—1.0m/s
N —2.0m/s | 500
——3.0m/s El ;
A —Lom/s || 2 —4.0m/s
o 400
— 1 E g
% =)
~ 153
f=] [
H qq:) 300
O a=]
> o
Ll j £
< 200
=
b — 1 2
B
3l 1 100
o o1 02 o3 o4 o5 o5 o7 o8 0

0 01 02 03 04 05 06 07 08 09 1

time t[s
sl time ¢[s]

Figure 4.25: Time courses of severity indices for simulated robot-chest collisions at various impact velocities
with a clamped human chest for the KUKA KR3, KR6, and KR500. The left column shows the time evolution
of the viscous criterion and the right column the one of the compression criterion. The colors indicate the
injury potential with respect to EuroNCAP.
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T

Figure 4.26: Impact configuration for LWR-III-Dummy crash tests. Clamping the human with the robot
in near-singular (almost outstretched) configuration. This is due to reconfiguration, meaning from “elbow
up” to “elbow down” or vice versa.

criterion. The corresponding injury potential is indicated by the color-coded
EuroNCAP bars. The compression criterion is clearly the more sensitive and
appropriate criterion for this type of collision. For the KR3 a velocity of 2 m/s
exceeds the possibility to keep very low injury potential. Whereas for the KR6
even less than 1 m/s is enough to exceed this threshold. In case of the KR500
only very low speeds of less than 0.5 m/s are keeping the robot below the very
low injury threshold.

After this investigation of dynamic blunt impacts with and without clamping,
the problem of quasi-static loading is discussed as a case-study on the LWR-
III. However, the resulting methodology of investigation can be applied to any
robot as well.

4.5 Constrained contact with singularity forces

At impact configurations with large levers, robots of similar inertias (and max-
imum joint torques) to the LWR-III do not pose a potential threat by means of
HIC [96]. On the other hand, the almost outstretched arm poses a significant
injury threat which shall now be evaluated more in detail, see Fig. 4.26.

The maximum nominal torques for a given robot are represented by a hyper-
rectangle. The corners of this hyper-rectangle are then transformed via the
pseudo-inverse of the transposed Jacobian to the corners of a hyper-polygon
of Cartesian forces. In order to get the maximal applicable force in the relevant
worst-case direction, the corresponding hyper-rectangle corner has to be eval-
uated. Again, the collision detection (CD) of Chapter 3 is used. Its detection
threshold 74 for the external joint torque of the robot is defined as a percent-
age of the maximum nominal joint torque Tmax (€.8., 2 %) which directly leads
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Figure 4.27: Clamping of the human head with a rigid manipulator. The chosen bone for this analysis
is the maxilla, whereas the theoretical analysis for the reconfiguration of the manipulator is shown (left).
For better illustration the collision threshold is set to 10 % in this plot. The evaluation of the collision
detection (CD) schemes with a full dynamic simulation of the LWR-III confirms their benefit (right). This
reconfiguration trajectory (see Fig. 4.26) was carried out at maximum joint velocity of the LWR-III which is
120 °/s. The deviation of the behavior of the LWR-III from the rigid case is mainly due to the intrinsically
flexible joints and the contact modeling. In the lower plot the collision threshold is set to the currently
lowest achievable value of 2 %.

to the detection threshold of the contact force.
Taet = 0.02T max — Faet = 0.02Fmax = J L7 Tqet (4.6)

JT# is the pseudo-inverse of the transposed manipulator Jacobian®. To theo-
retically analyze the configuration boundaries which can cause fractions of fa-
cial and cranial bones the reconfiguration from “elbow up” to “elbow down”
is the most dangerous case. The robot can be commanded in such a way that it
passes the outstretched position if the clamped head is contacted close to this
singularity. Since the human head would get clamped only slowly due to the
low Cartesian velocities close to the singularity an acceleration based criterion
as the HIC cannot indicate the force that is exerted on the head. Therefore,
such criteria drop out entirely for this analysis. Instead, contact forces and

related bone fractures are used as injury indicators®.

In Figure 4.27 the maximal force which can be exerted on a human maxilla by
a rigid, slowly moving robot (no dynamic forces) are analyzed. The stiffness
of the maxilla® is in the order of 10> N/m according to [206, 19, 180]. Thus,
the force will linearly increase with position after contact, as represented in
Fig. 4.27 for several collision points along the lines /;. The linear forces are
displayed only up to the limit at which the bone will break (2), denoted by
Firac = 660 N. The curve Fax represents the maximal force that can be ex-

%Note, that since the torque Tqet is produced only by a TCP force, any generalized pseudoin-
verse will lead to the same value of Fyct.

*This statement cannot be made for high-speed constrained impacts at the current state since
the human head is not a rigid body and it cannot be excluded that a significant acceleration
occurs during such impact.

¥Because the variation of data obtained by human cadaver tests is large and this data cannot
be applied to children or elderly people it has to be treated carefully.
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Figure 4.28: Time courses for the constrained impact with the full dynamic model of the LWR-III and the
human head close to the singularity. The robot is reconfiguring from “elbow up” to “ellbow down” config-
uration at maximum joint velocity in joint 4 and half this velocity in joint 2 and 7. The resulting trajectory
is a straight line in z-direction. The human is standing 16 mm before the singularity. The collision reaction
consists of setting the desired configuration to the configuration corresponding to 50 mm before the singu-
larity, i.e. a “jump” backwards. The collision threshold is set to 2 %, which is the lowest threshold currently
achievable and a realistic maximal joint torque value is assumed. The contact stiffness corresponds to the
maxilla which means that it is set to 10° N/m. @ shows the time course of the contact force, clearly point-
ing out that the collision detection prevents an exceedance of the threshold force of 660 N. ® shows the
desired trajectory X p(t), the robot position X r(t), the position of the singularity X s(¢), and the position
of the human X5 (t). © indicates the collision detection signal which triggers the reset of X p () in ®.
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erted by the robot, which goes to infinity when approaching the singularity. If
this curve is above Fioc and if Fi,c is exceeded before reaching the singularity
for a given collision point (this depends on the slope of /;), the bone will break.
For the considered case, this would happen starting with (D, i.e. more than
27 cm before reaching the singularity. Starting with (3), there does not exist
even a hypothetical equilibrium point, meaning that the considered stiffness
cannot stop the robot from reaching the singularity. Using the collision detec-
tion with a threshold of 0.17 ., the maximal forces are lowered, as displayed
by the curve Fye:. In this case, the critical region is substantially reduced to
about 2 cm before the singularity (9. Restricting the workspace of the arm
such that this configuration is not reached, poses no significant limitation to
usual applications. The limit safe configuration®® is denoted by (3. This anal-
ysis can be carried out with all facial and cranial bones listed in [97] and yields
similar observations for each of them. After this rigid-robot evaluation, the
full-dimensional simulation, especially including its intrinsic joint compliance
for the LWR-III at maximum joint velocity shall be given and discussed™.

For the results shown in Fig. 4.27 (right) a feasible collision detection threshold
of 0.027 ax Was assumed. The implemented collision reaction strategy imme-
diately sets the desired position to a resting position 50 mm before the sin-
gularity. In contrast to the rigid robot there exists no significant workspace re-
striction, since even the last possible impact location (O) that could theoretically
lead to the fracture force Fi,. can be handled by the collision detection. The
theoretical rigid-case collision threshold () close to the singularity is slightly
below the one obtained from the complete dynamic simulation (3) presumably
due to the elasticity in the joints of the real robot. Furthermore, one can see
that the Cartesian braking distance decreases the closer to the singularity the
contact occurs. This is due to the duality of Cartesian velocity and force. After
the collision detection activation and the following braking distance, the robot
switches its Cartesian velocity direction and comes to a rest position 50 mm
before the singularity. For clarity Fig. 4.28 denotes the time course for such
a constrained impact. It shows how the collision detection and reaction can
limit the contact force to subcritical values. In this particular simulation the
human is standing 16 mm before the singularity which means that sufficient
space remains for achieving the necessary fracture force. A full experimental
analysis for head and chest impacts is given in Sec. 4.6.2 and 4.6.2.

A major goal in safety in pHRI is to develop a general procedure for evaluat-
ing blunt impact injury for robotic systems. Hence, a next set of standardized
experiments was carried out with the LWR-III and considerably heavier in-
dustrial robots, extending the partly standardized investigations presented so
far.

*¥With an ideal collision detection and an infinitely fast stopping robot.

¥Maximum joint velocity does not mean that the contact has high speed impact character-
istics because close to the singularity the Cartesian velocity is low. Therefore, maximum joint
velocities were chosen to show the feasibility of the collision reaction strategy at such high de-
mands.
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4.6 Towards a crash-testing protocol

Together with the first part of this chapter, the experiments in this section pro-
vide a comprehensive set of the relevant robot-human blunt impact situations
and their parameterization in terms of velocity and robot mass, leading to sug-
gestions for a test procedure in Chapter 10. In the following a large amount of
experimental results are described that were gained from blunt impacts with a
frontal Hybrid III crash-test dummy (HIII). Following test scenarios are evalu-
ated:

* Head impacts

— Dynamic unconstrained head impacts and their influence on the
head, neck, and chest with the 235 kg-robot KR6 and the 2350 kg-
robot KR500.

- Quasistatic constrained head impacts with the 15 kg-robot LWR-IIL

- Partial clamping during head impacts and their influence on the
head, neck, and chest with the KR500.

¢ Chest impacts

— Dynamic unconstrained chest impacts and their influence on the
head, neck, and chest with the KR6 and the KR500.

- Quasistatic constrained chest impacts with the LWR-III

All injury criteria for the head, neck, and chest were evaluated that are mea-
surable with the used dummy type. Furthermore, impact forces are obtained
for the evaluation of facial fractures of the mandible and the frontal bone. Gen-
erally, the purpose of this last part of the chapter is to

1. Understand the general injury mechanisms and severity behind blunt
human-robot impacts.

2. Provide the experimental foundations to propose procedures for a stan-
dardized crash-testing protocol, i.e. clarify how the concept of crash-
testing is applicable to any kind of robot.

3. Provide safety tolerance values depending on robot velocity to maximize
under the safety constraint the performance of applications (e.g. incor-
porating manual guidance of industrial robots). Production cycle times
can be optimized with the knowledge gained from such experiments.

The last aspect is especially relevant for industrial robot manufacturers due to
the fact that future applications are focused on physical interaction between
humans and industrial robots with additional sensors such as a force-torque
sensor in the wrist. As described in Sec. 4.4 constrained impacts with heavy-
duty industrial robots are very dangerous indeed. Therefore, the (time) op-
timal performance is achieved if clamping can be excluded in the particular
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application. This in turn requires a precise and careful design of the worksta-
tion in order to significantly reduce possibilities of the human getting pinched.

After giving an overview of the experimental results, detailed evaluations of
interesting aspects related to the experiments are outlined. In order to keep
the discussion clearly structured case discussions are introduced that explicitly
focus on particular aspects, which should be treated in more detail.

In the next subsection the overall setup of the impact tests is described.

4.6.1 Experimental setup

Figure 4.29: Setup for the impact tests with the LWR-III (D, view from above), the KR6 (@), side view), and
the KR500 ((®, side view). Since for the LWR-III dynamic impacts were already analyzed in [96] constrained
impacts close to a singularity were investigated, where it is theoretically possible even for a low inertia
robot to become severely dangerous. The industrial robots were tested for an outstretched configuration in
order to achieve very high Cartesian velocities. The contact force is measured with a high bandwidth crash
sensor. The contact geometry is defined by an aluminum impactor with radius r; = 120 mm.

Quantity Sampling time [ms]

LWR-IIT external force Fiy; € R! 0.05
joint position q € R” 1

joint torque 7 € R” 1

KR6 external force Fiy; € R! 0.05
joint position q € RS 12

KR500 external force Fiy; € R! 0.05
joint position q € RS 12

HIII head acceleration ayc,q € R? 0.05
neck wrench F € RS 0.05

chest acceleration ages; € R> 0.05

chest deflection dgpest € RY 0.05

Table 4.7: Measured quantities.

In Figure 4.27 the setup for the experiments is shown. Table 4.7 summarizes
the instrumentation of the different setups, which is similar to the experiments
in Sec. 4.2 and 4.3. In addition to the standard ADAC sensors, the available
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sensors of the robots are recorded. The reflected inertias during the impacts of
the industrial robots can be obtained from Tab. 4.3.

In the next section the experimental data is summarized in a condensed form
with the intention to give an overview similar to test reports in automobile
crash testing.

4.6.2 The DLR Crash Report

Dynamic unconstrained head impacts

Figure 4.30: High-speed recordings of an unconstrained head impact test with the KR6 and a Hybrid III
dummy at 4.2 m/s.

The first series of tests is dynamic unconstrained head impacts. In Figure. 4.30
high-speed recordings of a head impact at full speed are shown to visualize
the dynamics of such collisions. The robot is commanded such that it hits the
dummy in the face in outstretched configuration while rotating about the first
axis. The head is accelerated, followed by the neck being bent while the torso
starts moving delayed due to the higher inertia and the elastic coupling to the
head. The entire contact phase is completed after ~ 100 ms. The following
motion of the dummy without having contact with the robot ends in a sec-
ondary impact on the floor. In this particular case the robot stops moving due
to an exceedance of the nominal gear torque of the robot, triggered by motor
current monitoring. The collision tests were carried out at various Cartesian
impact speeds ranging from 0.2 m/s to 4.2 m/s. Contact forces range up to
5 kN. Unfortunately, above ~ 3 m/s the force sensor saturates (indicated by *
in the tables).

In Table 4.8 the results for the unconstrained frontal impacts with the KR6 and
KR500 are given. The correlation to injury severity by means of the EuroNCAP
is indicated by the underlying color. In general, very high robot velocities have
to be achieved in order to exceed the threshold from very low to low injury
for all severity indices. Only at maximum velocity the HIC is slightly above
the threshold value of 650 but at the same time still significantly below 1000,
which denotes the critical value for this indicator. For neck shearing along the
z-direction very high values are achieved, which correlate (in the worst-case
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Exp. Nr. Robot | 2z [m/s] Fiental [N] HIC a'd[g] afad[g]  F, [N] F, [N] .\ﬁw X, [Nm] .\ﬁwmf [Nm]
11 KR6 0.2 v'118 v'1.93
12 0.7 V' 783 V7.7
13 1.0 v 1306 v'13.74
6 1.3 v 1875 v'25.34
7 1.3 v'1766 v'27.42
14 1.5 v 2208 v'29.02
15 2.0 v 3426 v'42.96
8 2.1 v 3976 v'45.37
9 3.2 x5006* v’ 67.96
10 4.2 x5069* v'98.12
26 KR500 0.2 v'136 v 0.54
32 0.3 v'168 v 0.67
27 0.5 v'420 v'1.94
28 0.7 v 798 v 6.64
29 1.0 v'1200 v'11.19
23 1.2 v'1967 v'19.47
30 1.5 v'2219 v'22.22
24 2.0 x 4020 - 80.04 | v43.78
31 2.0 v'3043 v 30.48
25 3.1 x4965* v 66.22
22 4.1 x4963* v'105.06

Table 4.8: Head impact experiments with the KR6 and the KR500.
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assumption) to very high injury and for the forces in tension/compression only
for the KR6 the threshold from very low to low injury severity is crossed. For all
other EuroNCAP injury indicators the observed potential injury stays within
the green area.

In Table 4.9 the results for the unconstrained hook to the chin with the KR6
are given. The dummy is hit in cranial direction up to a maximum velocity of
3.6 m/s. All criteria are in the very low area except for the maximum resulting
head acceleration a"*d at 3.6 m /s, which is still in the low injury severity range.
Furthermore, the flexion torques are far below 190 Nm and thus subcritical
[96]. Concerning fracture of the mandible it can be stated that the contact force
at 1.8 m/sis already slightly above the threshold force and for higher velocities
a clear exceedance is observed. However, the human chin behaves differently
as it is not rigidly attached to the cranium as for the HIII (its head consists of
a rigid aluminum shell). Furthermore, the interface stiffness is presumably far
too high as indicated by investigations in [19]. In future work biomechanical
faces will be investigated as e.g. applied in [288] and developed in [184].

Quasistatic constrained head impacts

Exp.Nr.  Robot Strategy  ds [mm]  Fgfatic [N] FRek N
L13 LWR-III 0 10 0 v 692
L14 0 10 674 v'1244
L15 1 10 277 v'540
L16 2 10 0 v'590
L19 0 5 0 v'1593
L17 1 5 256 v'505
L18 2 5 0 v 617

Table 4.10: Constrained quasistatic head impacts with the LWR-IIL

In Section 4.2 free blunt impact experiments with the LWR-III were performed.
These proved to be non-critical from a safety point of view. As the only possi-
bly dangerous blunt contact situation for the LWR-III the clamping close to a
singularity was identified, see Sec. 4.5. Theoretically, a robot is able to exert in-
finitely large forces at the tip in the singular z-direction, while driving through
the singularity. The worst-case seems to be the classical reconfiguration from
“elbow up” to “elbow down”. In Figure 4.29 the experimental setup for an-
alyzing such a situation is depicted. The LWR-III was mounted horizontally
and the position of the dummy was adjusted such that it touched the robot at
a certain distance d, from the singularity. The robot moves from its initial po-
sition at maximum joint velocity in joint 4 and half the velocity in joint 2 and 6,
see Fig. 4.29. The resulting trajectory is a straight line with constant orientation
in z-direction. Therefore, the robot is programmed to pass the singularity in
its outstretched configuration.

In addition to commanding the described trajectory and evaluating the result-
ing injury the collision detection and reaction for the LWR-III was tested dur-
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ing this worst-case for detection sensitivity. Since in z-direction the sensitivity
of this algorithm practically goes to zero close to the singularity, it is neces-
sary to quantify the still achievable benefit for such a situation. The collision
detection was evaluated with reaction strategies 0,1,2:

Due to the constrained environment it is not possible to measure any criterion
for the head with the HIII (the head is only equipped with an acceleration sen-
sor). Therefore, only the contact force is left for evaluation. High quasistatic
forces?® can be achieved for this impact type as shown in Tab. 4.10. For the ex-
periments L13 and L19 the robot is able to pass the singularity without exceed-
ing its maximum nominal joint torques*!. For ds = 5 mm the robot still moves
through the singularity and achieves a maximum quasistatic contact force of
1593 N. However, this is still far below the tolerance force of the frontal bone.
The collision detection and reaction can reduce the occurring contact forces by
44 % for ds =10 mm and by 68 % for ds = 5 mm.

Dynamic unconstrained chest impacts

In Table 4.11 the results for the unconstrained frontal chest impacts with the
KR6 and KR500 are listed. Apart from the CC and the external chest force
all criteria are subcritical over the entire range of impact velocities. The chest
compression reaches for 4.2 m/s with the KR6 and 4.1 m/s with the KR500
potentially lethal values. Forces measured during experiments 19,20, 36 are
within the tolerance band (see Appendix 12) and for 21,37, 38 the tolerance
values are clearly exceeded. The tolerable impact force for the chest* is ex-
ceeded for 4.2 m/s for the KR6 and already at 2 m/s for the KR500.

Quasistatic constrained chest impacts

In Table 4.12 the results of the quasistatic constrained impact of the LWR-III
with the HIII chest are shown. The distance to singularity dg varies from
20 mm to 80 mm, producing a maximum chest deflection (CC) of —11.95 mm
at dg = 75 mm. At d; = 80 mm the maximum joint torques of the robot are
exceeded, which triggers the low-level safety feature for engaging the brakes
of the robot. This shows that (with a granularity of 5 mm) without collision
detection and reaction, the worst-case for this robot lies at a distance to singu-
larity of d§¢ = 75 mm. The corresponding contact force of 1.04 kN is below the
maximum tolerable threshold of the chest and the CC is constantly subcritical
in the very low region. Similar to the constrained head impacts, the reactive
strategies reduce the contact force and the CC considerably. Even at the con-

“*Because the robot approaches a singularity the Cartesian velocity, which defines the im-
pact velocity is low and therefore the contact has no typical impact characteristics anymore. In
Figure 4.37 the time courses for a chest impact are shown, pointing out the difference between
peak and quasi-static force.

4Please note that L13 was not using a tension belt, which reduces the effective value of ds
because the seat can give in. For the other experiments a belt was used.

“Please note this is a force humans can tolerate without suffering injury.
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Exp.Nr. Robot | #r[m/s] FSet[N] CC[mm] VC[m/s] a$hest [g] HIC abe2d [g] F.[N] M % e [Nm] M, %xoeo [Nm]
16 KR6 0.2 v'215 v0.41 v'1.04
17 0.7 v 685 v'7.95 v'4.61
18 1.0 v 876 v'4.80 v'7.19
19 1.5 ~~~n~1156 v'2.51 v'9.94
20 2.0 ~~~~1528 v'3.80 v'14.49
21 4.2 x 3277 v'8.99 v'37.89
33 KR500 0.2 v'185 v'0.38 v'1.45
34 0.7 v'551 v'1.94 v'8.45
35 1.0 v'847 v'4.15 v'12.37
36 1.5 ~~~~1400 v’5.10 v'15.65
37 2.0 %1939 v'5.36 v'20.43
38 4.1 X 3962 v'36.93 v'32.25

Table 4.11: Unconstrained Chest impact experiments with the KR6 and the KR500.
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Exp. Nr. Robot | Strategy d, [mm] Fsfatic [N]  FRX [N]  CC [mm]
L8 LWR-III 0 20 0 V379 —3.42
L9 1 20 180 V300 ~2.34
L10 2 20 0 V332 —2.67
L1 0 40 - - —6.15
L2 1 40 130 v'291 —1.86
L3 2 40 0 V300 -2.19
L4 0 60 0 V859 —9.22
L11 0 70 0 V995 | —11.38
L12 0 75 0 V1043 | —11.95
L7 0 80 425 v/ 824 ~7.59
L5 1 80 92 V263 —1.79
L6 2 80 0 v 287 ~1.99

Table 4.12: Quasistatic constrained chest impacts with the LWR-IIL

figuration closest to the singularity ds = 20 mm (meaning lowest detection
sensitivity of all measurements) the robot is able to react effectively.

Partially constrained dynamic head impacts

Figure 4.31: Partially constrained impact. A barrier was mounted on the back of the dummy with 80 mm
(1), 120 mm (2), and 160 mm height (2).

Table 4.13 lists the evaluated injury indices for partially constrained impacts.
In this experiment the dummy was sitting in front of a barrier, which height
varied from 80 mm to 160 mm, see Fig. 4.31. The impact criteria, such as HIC,
have similar values to the ones obtained for the unconstrained dynamic im-
pacts from Sec. 4.6.2. The influence of the barrier mainly results in larger neck
forces and torques. Experiment 43 is presumably not comparable as the impact
direction contains a significant lateral component.

After this presentation of the data from the impact tests with standardized
crash-test dummies, now various aspects related to these tests are addressed
in a case based discussion.
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Exp.Nr. Robot | hp[mm] @g[m/s] FEfontal[N] HIC ahe2d[g] ahead[g]  F[N] F. NI MJ&% [Nm]
39 KR500 80 2.0 v'2945 v'37.45
41 120 2.0 v'3059 v'29.02
43 160 2.0 v'2795
40 80 4.1 x4950*
42 120 4.1 x4978*
44 160 4.1 x5165*
Table 4.13: Partially constrained head impact experiments with the KR500. The barrier height h g ranges up to 160 mm.
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4.6.3 Case discussions

Cases 1-4 treat unconstrained head and chest impacts, case 5 partially con-
strained impacts, and case 6 constrained quasistatic impacts. Such detailed
discussions are important to extract the relevant information to be taken into
account for future standards.

Case 1: The saturation of the Head Injury Criterion

Injury HIC
Level Level
Very high Head Injury Criterion HICs6(i )
-+-LWRIII-HIIT
‘ 1000 o " KR3-SI-DD -
20% AIS> 3 --KR6-DD ;.
High --KR6-HIIL A
“I - KR500-DD -
- KR500-HIIT &
Medium 84 ”
E 7
Low o a
5% AIS> 3 650 0 ’
Very low Rt T

T
Robot velocity i p[m/s]

Figure 4.32: Resulting HIC36 values at varying impact velocities for robots of different weights: the 15 kg-
robot LWR-III, the 54 kg-robot KR3-SI, the 235 kg-robot KR6, and the 2350 kg-robot KR500. The HIC is
rated according to the EuroNCAP Assessment Protocol And Biomechanical Limits. All produced HIC values at
impact velocities up to 2 m/s range in the green area. This indicates that only very low head injury occurs
during the impacts. Furthermore, the previously described saturation effect of the HIC can be observed.
The HIC is displayed for impact test with a Hybrid III-dummy (denoted by HIII) and with a simplifying
setup (denoted by DD) mimicking the behavior of the Hybrid III-dummy head.

As was extrapolated from robot-dummy impacts with the LWR-III and the ex-
periment with the dummy-dummy, a saturation of the Head Injury Criterion
at a certain impact velocity with increasing robot mass is observed. In Fig-
ure 4.32 the HIC values for all tests presented in Sec. 4.2 and the ones shown
in Sec. 4.6.2 are depicted up to an impact velocity of 2 m/s and classified ac-
cording to the EuroNCAP [66]. First, it is confirmed that the HIII-head imita-
tion device reproduces similar HIC values to the HIII and thus can be used by
other researchers as a tool for simple experimental HIC evaluation. Further-
more, the mentioned saturation effect is confirmed by the fact that the KR6
and the KR500 produce very similar HIC values for equivalent impact speed
by means of standardized crash-test measurements. In general, the obtained
HIC values for speeds up to 2 m/s are classified as subcritical. By means of
the EuroNCAP only very low injury can occur. Although this clearly confirms
that the human head is not in a critical situation at velocities up to 2 m/s, the
question arises whether other body parts, such as the neck, would be posed
to a serious threat during the post-impact phase of such a collision. This an-
swer points to the next question: whether the neck stiffness and body inertia
are constructed such that the neck is the weak point, leading to the next case:



110 CHAPTER 4. CRASH-TESTING IN ROBOTICS

The description of the head-neck-torso complex dynamics during a rigid blunt
impact.

Case 2: Timing properties of the head-neck-torso complex during fast head
impacts

Head acceleration ahad
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Figure 4.33: The dynamics behind a frontal head impact with the KR500.

Up to now, the simulated head impact and the corresponding HIC evaluation
was treated as an isolated event between the robot and the human head, as was
done in [26, 96] as well. The head is generally assumed to act decoupled from
the torso during the short acceleration pulse that defines the impact dynamics.
In the present case the validity of this assumption is discussed experimentally.

In Figure 4.33 the time courses of the head acceleration, the neck force, and
the acceleration of the chest in z-direction are depicted for a head collision at
an impact velocity of 4.1 m/s with the KR500. The head acceleration peak
occurs timely along with a peak in the neck force (the load cell is mounted be-
tween head and neck, which is a stiff construction). Delayed to that, the torso
starts accelerating and reaches its maximum value several milliseconds after
the head acceleration and neck force passed their peak values. The impact
phase is followed by a continuous bending of the neck and a longer accelera-
tion phase of the torso. One can see in z-direction the decoupling assumption
really holds to a certain extent. However, the z-acceleration (not displayed
here) of the chest was observed to lag only 1 ms behind the maximum impact
acceleration. This may be an effect caused by the higher neck stiffness of the
HIIT compared to a human. Due to this tight neck coupling a clear separation
of head and torso during the initial impact does not occur in z-direction for
this dummy head.

In contrast to this observation [202] states that the human head is decoupled
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during an impact at 3.2 m/s from T1%. Furthermore, [113] points out that
the neck of the HIII is only to a certain extent able to predict human neck
injury due to its much higher stiffness properties. In order to get more realistic
dynamics it seems to be desirable to use a dummy, the BIO-RID-II, with a spine
that has more biofidelity than the one of the HIIL

After discussing the timing properties of a head impact and the related neck
force and chest acceleration, the related question of whether significant neck
injury occurs during such a robot-head impact is treated in the following.

Case 3: Neck injury during head impacts
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Figure 4.34: The head acceleration a*®d and neck force FN°°% in z-direction as well as the neck flexion
moment M;ISXC during a frontal head impact with the KR500 at increasing robot speed. The robot behaves
due to its large inertia as a velocity source and drags the head further away while the neck is bended and
the trunk accelerates due to the transmitted force.

In the present case the question is discussed whether the head can be acceler-
ated during an impact powerful enough such that the trunk cannot follow be-
fore the neck forces and torques exceed their corresponding tolerance thresh-
olds. The question to be answered is: Can the human suffer severe neck injury
despite HIC is small during an unconstrained impact? With the dummy tests
in Sec. 4.2 it was not possible to analyze this because at high velocities the
maximum joint torques of the LWR-III are exceeded. This causes the brakes
of the robot to engage in order to protect its mechanics. Thus, the robot is not

The human spine can be divided into the cervical, thoracic, and lumbar spine. T1 is the first
thoracic vertebra.
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able to further drag the head and potentially injure the neck anymore. During
the short duration of the initial impact the neck does not reach to critical loads
with impact speeds up to 2 m/s. Since the motion of the 2350 kg-robot KR500
is not affected by the collision with the dummy** due to its large inertia it can
be treated as a velocity source during an impact and is suited to evaluate this
question.

In Figure 4.34 the head acceleration, the neck force in z-direction, and the
torque about the occipital condyles are depicted for impact velocities up to
4.1 m/s with the KR500. The head acceleration is caused by the short impact,
which defines the Head Injury Criterion and the maximum head acceleration.
The neck force shows a similar peak in the beginning, followed by a second
wider one. Please note that the first and second maximum are similarly large.
For the neck torque the first maximum shows only marginal growth with in-
creasing impact velocity while the second peak value increases with impact ve-
locity. The second maximum is in both cases caused by the continuous motion
of the robot, which further bends the neck while the trunk begins to accelerate.

In general, neck forces tend to be more dangerous the longer they are applied
to the neck (see Appendix 12). Therefore, it is evident that a heavy robot, not
affected in its motion during the impact, increases the injury potential signifi-
cantly. As shown in Sec. 4.6.2 the neck forces reach very high injury levels only
at maximum velocity*® (above 4 m/s) by means of the EuroNCAP. In case of
the neck flexion torques following observations can be made. Although they
increase significantly with impact velocity, no more than 100 Nm, which is still
under the limit value, are reached. In the limited extend in which a HIII is able
to predict neck injury, one is able to conclude that only very high impact veloc-
ities could pose a threat to the neck during head impact. Up to 2 m/s, which
is believed to be a desirable (high) speed in physical-human robot interaction
no significant injury level can be observed by means of the evaluated criteria.

One can therefore conclude that the frontal unconstrained blunt head impact
poses no threat below 2 m/s, both in terms of HIC and indirect effects on the
neck. A look at frontal unconstrained chest collisions and their characteristics
shall now be taken.
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Figure 4.35: Compression criterion for chest impacts up to 4.1 m/s with the KR500.

Case 4: Chest injury

In the robotics literature [26, 308, 96] it has been emphasized that the human
head has to be treated carefully in a safety analysis due to its fragility. In this
sense the outcome of the tests discussed now is relatively unexpected at a first
glance, since it shows that the chest faces to at least the same level of threat as
the head, and can reach critical injury levels.

Figure 4.35 depicts the time courses of the Compression criterion during frontal
chest impacts with the KR500 at impact velocities up to 4.1 m/s. The impact
duration of more than 150 ms is significantly larger compared to the 5 ms for
the head impacts. The main corresponding reasons for this fact are the large
inertia of the dummy body and the lower stiffness of the chest compared to
the one of the head. In Sec. 4.6.2 it was shown that except for the maximum re-
sulting head acceleration, all head criteria during head impacts are in the very
low injury severity region for an impact velocity of up to 3.2 m/s. Only for the
KR6 at maximum velocity of 4.2 m/s an HIC value slightly above the thresh-
old from very low to low (650) was observed. While facing low injury for the
head impacts (when not considering the pure maximum acceleration) an as-
pect that appears surprising is that, according to the chest impact results, the

“Please not that even for the 235 kg-robot KR6 the current monitoring was triggered at high
speeds, i.e. also for this robot the maximum joint torques are exceeded. Furthermore, the
robot loses significantly momentum during the impact due to its lower inertia compared to
the KR500.

“In order to evaluate the injury severity correlating to the measured neck forces on a worst-
case basis with respect to the corresponding EuroNCAP rating, the real maximum exceedance
interval is determined as an upper bound estimate. Instead of determining the maximum ex-
ceedance time the smallest rectangle that fits for the particular index is determined, its width
is chosen as the exceedance time and the repspective height as the corresponding value of the
injury index. This leads to an upper bound and therefore to a more restrictive evaluation of
neck forces.
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CC indicates very high injury severity at maximum velocity for the KR6 and
the KR500, see Fig. 4.35. Apparently, the inertia of the dummy trunk delays
the motion such that the robot compresses the chest up to potentially lethal
dimensions even in the unconstrained case. Furthermore, already at 2.0 m/s
the threshold from very low to low injury is crossed for the KR500, showing that
the injury potential starts to become dangerous.

For the unconstrained blunt impact, one can therefore conclude (while exclud-
ing the maximum resulting head acceleration from the analysis) that the chest
impact is the most critical one for heavy robots.

Now the influence of an increasing barrier is analyzed, i.e. the role of partial
constraints.

Case 5: The partially constrained impact
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Figure 4.36: Compression criterion for chest impact up to 4.1 m/s with the KR500.

Figure 4.36 shows the neck compression force for partially constrained head
impacts with varying barrier height hp. The neck force F. increases signif-
icantly with increasing hp up to a neck force of —1296 N at hp = 160 mm
compared to —670 N at hg = 80 mm. The second peak also shows depen-
dency on the barrier height. Unfortunately, this statement cannot be confirmed
as clearly for the neck shearing force and torque. Furthermore, the generally
lower impact criteria compared to the unconstrained head impacts are pre-
sumably caused by a slightly different location of the dummy during the par-
tially constrained impacts. Nonetheless, although at the current state it is not
possible to explicitly determine the lethal threshold, such a height must exist.
Further tests are therefore necessary to analyze this effect more in detail and
be able to predict the threshold height for a barrier. Furthermore, it is crucial
to take a closer look at eventual spine injury during partially constrained im-
pacts. Because the HIII is not able to measure this effect this is left for future
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research with distinguished equipment.

Another interesting observation made during the partially constrained impact
is that a second impact occurs with the barrier obstructing the motion of the
trunk. This is not the case for the non-constrained case in which the dummy
moves away fast enough to avoid a second impact with the robot.

Case 6: The constrained quasistatic impact with the LWR-III
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Figure 4.37: Singularity clamping with the LWR-III and a HIII. The measured C'C'is displayed for different
values of dg (upper). The chest contact force for dg = 80 mm is depicted for the base case and two collision
strategies (lower).

As shown earlier in this chapter, any robot is theoretically able to exceed the
fracture tolerance of the facial and cranial bones in case the human head is
clamped and the robot drives through a singularity. A prerequisite for this to
happen for a particular bone with tolerance force F};gge and stiffness Ky qpe, 1S
for the distance to singularity to be

Fbone

ds > frac .
Kbone

Although this is theoretically possible the question remains, whether in reality
a particular robot would be able to withstand such large forces, or whether un-
modeled structural compliances would prevent the occurrence of this worst-
case scenario. In Section 4.6.2 various constrained head and chest impacts are
shown with the LWR-III driving through the singularity in outstretched con-
figuration and leading to the observation that the tolerance values of both,
head and chest are not exceeded.

In Figure 4.37 (upper), the C'C is plotted for varying values of the distance to
singularity dg. There are two factors affecting the maximally reachable force,
depending on the contact point d:
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1. If the contact point is too close to the singularity (ds is small), then the
maximal force is limited by the compliance of the chest, which deflects
and allows the robot to pass trough the singularity.

2. If the contact point is far from the singularity (d; > 80 mm), then the
contact force is limited by the maximal joint torques, since the Jacobian
is not ill-conditioned anymore. A low-level safety stop is activated when
maximal joint torques are exceeded, preventing the further increase of
the force.

Under these circumstances, the maximal compression of 11.95 mm was reached
for dy = 75 mm. Although an exceedance of the threshold values is not pos-
sible for this impact type, the achievable C'C value is more than twice as high
compared to the unconstrained dynamic impacts presented in Sec. 4.2.4.

Apart from the discussed worst-case behavior, the effect the collision detection
and reaction has on such an impact shall now be explained. In Figure 4.37
(lower) the resulting force profiles are plotted and the collision detection signal
is indicated. Clearly, the potential threat is cleared quickly after the collision is
detected. For every impact configuration the detection is sensitive enough to
detect the collision. Both reaction strategies are leading to a significant contact
force reduction.

This constrained quasistatic impact can be used as both, a worst-case analysis
concerning maximum contact force and as a benchmark problem for a collision
detection and reaction scheme, which is only based on proprioceptive sensing
as the one treated in the present case.

Up to now various cases were discussed, which treat different aspects relevant
for future robotics safety standards defined for physical Human-Robot Inter-
action. The presented facts may lead to recommendations for standardized
crash-testing procedures in robotics. In Chapter 10 a proposal of impact tests
is given, which are from the author’s perspective necessary for a full safety
evaluation of robotic systems.

4.7 Summary

In this chapter the first systematic evaluation and classification of possible
blunt injuries during physical human-robot interaction was presented. It was
experimentally shown that potential injury of the head, occurring during a
free impact, would saturate at rather low values with increasing robot mass.
From a certain mass on potential injury would only depend on the impact ve-
locity. Thus, typical severity indices focusing exclusively on the moment of
impact like the Head Injury Criterion or viscous criterion do not provide dif-
ferentiable measures of injury severity in human-robot interaction, as a robot
typically cannot exceed these safety critical thresholds. This is mostly due to
significantly lower robot velocities compared to car velocities during impact
tests of automobile crash-testing. However, the results of this work clearly in-
dicate that the injury to be expected from robot-human impacts is intrinsically
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very low by means of blunt injury criteria. More specifically, blunt head im-
pacts without clamping at typical robot speed (up to 2 m/s) are indeed, very
unlikely to cause severe injury, regardless the weight of the robot. Chest im-
pacts of the same type are even less dangerous, as shown also by real impact
data. The presented results are the first systematic experimental evaluation of
possible injuries during robot-human impacts using standardized testing fa-
cilities. However, other serious head injuries, such as fractures of facial and
cranial bones, can (under conservative assumptions) occur already at moder-
ate velocities and may be a more relevant injury mechanism. The appropriate
injury indicator for this class of injury is not related to head acceleration but to
impact forces.

Drastically different observations can be made in case of clamping, which was
evaluated with respect to robot mass and impact velocity. In case of clamping
both the head and chest can be severely injured even leading to death for a
large robot mass. Nevertheless, the low inertial properties of the LWR-III allow
an impact velocity of up to 1 m/s without causing any of the investigated
injuries (even under the given conservative assumption).

Apart from the discussed constrained and unconstrained dynamic impacts,
it was also shown that even low-inertia robots can become very dangerous
in near-singular configurations in case of a constrained collision. This spe-
cial case is due to the fact that near its singularities a robot is able to gener-
ate extremely large quasi-static forces. On the other hand the effectiveness of
a collision detection and reaction scheme which can handle this threat was
demonstrated.

Based on the insights gained from the first part of the chapter, the evaluation
was extended by providing a wide range of impact testing results for future
robot crash-test protocols. Again numerous injury indicators were measured
with standard automobile crash-testing equipment and rated according to an
established crash-testing protocol. Robots of entirely different weight and at
various velocities are evaluated for typical and relevant situations. Further-
more, the usage of a HIII gave the ability to analyze full body responses and
thus evaluate what happens at remote locations of the body (e.g. the head-
neck complex) during an impact with another body part (e.g. the chest). The
resulting data basis will help to understand the mechanisms behind injuries in
robotics and contribute to a fact based discussion of safety in physical human-
robot interaction.

In summary, this chapter presents the first systematic experimental evalua-
tion of injury in robotics. Possibly the largest experimental database for blunt
impacts was generated and several new and surprising results were attained.
They partially contradict the “common sense” and some previous preliminary
simulations from literature. The results of this chapter lead to recommenda-
tions for future robotic standards compiled in Chapter 10.
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Sharp and acute contact

Figure 5.1: What happens if a robot is equipped with a dangerous tool while it is fulfilling a desired task
in human proximity? Future domestic and industrial robots will carry out various duties incorporating the
usage of sharp tools. As an example the DLR Humanoid Justin is slicing bread with a kitchen knife.

Up to now only blunt impacts were addressed in this thesis (see Fig. 5.2 (left)),
leaving open the question of what can happen if a robot with an attached sharp
tool can impact with a human, see Fig. 5.2 (right). If robots are supposed to
work and help in a useful manner they must be able to handle potentially dan-
gerous tools and equipment. Tasks may range from slicing bread (see Fig. 5.1)
or preparing some meal to fulfilling duties of a craftsman. Until a robot ac-
tually fulfills complex “helper” tasks in domestic environments, using sharp
tools, massive safety investigation remain necessary. An important class of
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Figure 5.2: Injury analysis in robotics.

injuries to be analyzed in this context are soft-tissue injuries of which typical
ones are depicted in Fig. 5.3. They range from less dangerous injuries as contu-
sions or abrasions to painful lacerations and potentially life threatening ones as
stab/puncture wounds. Stab/puncture wounds are usually potentially more
lethal than laceration. However, for sensitive zones, such as around the area
of the underlying arteria carotis, deep cuts can be equally dangerous.

Previous work conducted in [280] and [127] introduced and analyzed skin
stress as an injury index for assessing soft-tissue injury. Nevertheless, a real
focus shift to the mentioned soft-tissue injuries was not carried out until [293]
and [95]. In [293] the need for a full evaluation of soft-tissue injury was given.
In this work the maximum curvature of a robot colliding with a human is ap-
proximated with a sphere. This is used to analyze the maximum tensile stress
which in turn is the basis to distinguish between safe and unsafe contact.

Generally, soft tissue injury analysis in robotics has been mainly model based.
Knowing how uncertain and contestable simple models (and their parame-
terization) for such complex biomechanical processes are, the thesis addresses
this topic empirically by acquiring real data for injury thresholds. Itis believed
that these experiments provide reliable facts and can serve as an aid for further
evaluation and for designing validation of models.

Several aspects will be addressed in this chapter, leading to four main contri-
butions, namely:

1. To evaluate soft-tissue injuries caused by various possibly dangerous
tools. Stab/puncture wounds and incised wounds are considered.

2. To prove the effectiveness of the collision detection and reaction schemes
introduced in Chapter 3 for the LWR-III with soft-tissue and volunteer
tests. These countermeasures enable drastic reduction of the injury po-
tential during stabbing and prevent even the slightest cutaneous injury
during cutting.

3. To provide empirically relevant limit values for injury prevention for the
case of sharp contact.
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The chapter is organized as follows. In Sec. 5.1 soft-tissue injuries caused by
sharp tools are described and a simulation use-case is discussed. In Section 5.2
various stabbing and cutting experiments are conducted using as test material
silicone, pig tissue, and human volunteer tests for situations which prove to
be not critical by previous experiments.

5.1 Soft-tissue injury caused by sharp tools

Figure 5.3: Typical soft-tissue injuries which (at least) should be considered in robotics: (D: Contu-
sion (bruises, crushes, hematoma), : Stab/puncture wounds, 3): Abrasion, @: Laceration (incised
wounds/cuts, gashes, contused wounds). Abrasions, lacerations, contusions and stab/puncture wounds
can be caused by such different contact mechanisms as blunt or sharp contact surfaces as well as from
normal or tangential impact directions. In the context of this thesis 2) and @ are analyzed.

In this section an overview of soft-tissue injury biomechanics is given. Fur-
thermore, measurements concerning the depth of vital organs are introduced.

5.1.1 Biomechanics of soft-tissue injury

Sharp contact can cause various characteristic injuries in the context of robotics.
The most important ones are abrasions, contusions, lacerations, incised wounds,
and puncture wounds.

¢ Abrasions or excoriations are the ablation of parts or the entire epidermis
from the corium.

¢ Contusions are bleedings into tissue which can be found in the skin, mus-
cles and inner organs.

¢ A laceration can be described as a tear in the tissue. An incised wound
is a transection in skin continuity which is wider than deep.



122 CHAPTER 5. SHARP AND ACUTE CONTACT

* A puncture or stab wound is deeper than wide.

In this chapter the focus lays on stab/puncture wounds and incised wounds/ cuts
in order to capture the vast threat posed by sharp tools as knifes, scalpels or
scissors and leave the low severity injuries caused by a less sharp tool for fu-
ture research.

The influence of underlying bones is neglected and the evaluation focuses on
areas as the abdomen or thigh. This can be considered as a worst-case since
the underlying soft-tissue is very sensitive and a bone would (apart from the
case of slipping of or impinging) reduce the possible injury severity by means
of penetration depth. If e.g. an object hits the human thorax above the heart
location and penetrates further it is possible to hit a heart protecting rib. In
case the object does not slip or impinge nor is able to exert forces that are able
to cause rib fracture, the possible injury is limited to the tissue till the rib and
turther rib injury. This is much less dangerous than if the robot tip penetrated
between two ribs and reached the cardiac tissue. The analysis of these relaxed
situations is left for future work.

Stab/puncture wounds were investigated in the forensic literature with differ-
ent knifes and it was concluded that strain is not an appropriate measure to
define a tolerance value for knifes and similar tools because the contact area
is too small [31, 68, 294]. Instead, the evaluation of the penetration force F), is
proposed which is in the author’s opinion appropriate to be used in the con-
text of robotics as well. Tolerable forces depend on the layers of clothing and
range according to [68] between

e mean values of Fp1 = 76 + 45 N for uncovered skin

* and F? = 173 N for three layers of typical clothing.

Furthermore, the tolerable force correlates to a skin deflection z, at which the
actual penetration takes place. This deflection is

* z} =1.24 4 0.49 cm for naked skin

* and 22 = 2.26 + 0.61 cm for multilayered clothes’.

The relationship is assumed to be linear in first approximation, meaning that
the skin can be modeled during stabbing by a stiffness before penetration and
a tolerance force, determining the moment of penetration, see Fig. 5.12. There-
fore, following contact model results.

xt

Ky; = b A
0 Fext > Fp

)

B i
{ ] Fext < Fp (5'1)

I This evaluation was carried out at low velocities, therefore determining the static stab force.
However, in [294] dynamic tests were conducted which produced similar numerical values. In
[290] stab tests with three different knifes led on the other hand to significantly lower penetra-
tion values.
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What happens after the knife actually penetrates is still not well investigated,
and needs further treatment and evaluation. First hints given in [294] show
that a second resistance after the initial skin penetration can be observed. As
a first indicator the intrusion/penetration depth d,, was considered to be a
relevant experimental quantity (depending on the location where the skin is
actually penetrated and its underlying tissue) to evaluate the severity of injury.

According to [64] no similar investigation of incised wounds/cuts was carried
out up to now. This is presumably due to the lack of forensic necessity. In this
sense the analysis will bring new insights into the understanding of this injury
mechanism in a broader perspective and not only for robotics.

Next, results on depth measurements of vital organs are presented, since this
seems to be a relevant injury indicator, which is applicable to robotics such that
it provides inherent minimum requirements on the robot braking distance.

5.1.2 The depth of vital organs

SIEMENS S51-400

Figure 5.4: Ultrasonic scans and measurements of the depth of throat/neck soft tissue (upper) and the heart
(lower).

In order to quantify potentially lethal stabs ultrasonic measurements with ten
human subjects were conducted to estimate the distance from the skin surface
to the surface of the human heart. Between the 4th or 5th intercostellar spaces
the depth is measurable since the heart borders on the thorax wall. Numerical
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Figure 5.5: Ultrasonic depth measurements of different vital organs.
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values of djeart = 2.2 cm to 2.7 cm were measured with a mean of dyeart =
2.4 cm.

In addition to this initial heart depth analysis, measurements for following
vital organs were conducted?.

¢ heart

¢ abdominal aorta

e liver (side)

e liver (subcostal)

¢ kidney (back)

¢ soft tissue throat (right)
e soft tissue throat (left)

¢ subclavia

e milt

The used ultrasonic system is a ESAOTE Megas, yoc 2005. A 7.5 MHz probe
was used for the throat and neck soft tissue and a 3.5 MHz probe for the other
organs. Figure 5.4 shows four sample measurements for the heart (left) and
the throat (right). In the soft tissue of the throat especially the arteria carotis
communis and vena jugularis interna are of interest. The lower left figure
shows the second area of measurement for the heart depth, where the heart
abuts the diaphragm. In Figure 5.5 the results of the depth measurements are

*The measurements had no diagnostic nor therapeutical purpose and did not cause any
injury. The subjects were anonymous. The author is grateful to Dr. med. Fahed Haddadin for
carrying out the ultrasonic measurements.
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visualized for all mentioned organs. The short distances clearly point out how
vulnerable human organs are as soon as penetration occurs.

Since it is difficult to estimate the particular injury a human would suffer from
sharp contact, it is important to define requirements for robot design and con-
trol, which quantify the possible benefits from a collision detection and reac-
tion strategy in an intuitive manner. One important requirement is the maxi-
mum braking distance of a robot.

5.1.3 Braking distance

As shown in the previous subsection, the organ depth dg,gan can be used as a
penetration depth which absolutely needs to be prevented during sharp robot-
human contact.

External contact forces caused by the human dynamic response potentially
decrease the braking distance especially for low inertia robots. Therefore, the
worst case braking distance is present without taking this into consideration.
It consists of three phases:

1. nominal motion before collision detection triggers (system delay, detec-
tion sensitivity): typ — 1

2. nominal motion before stopping reaction strategy activates (system la-
tencies): t; — to

3. stopping motion till entire stop of the system (actuator dynamics/satu-
ration): to — t3

Therefore the overall braking distance, which should be smaller than do;gan is

ta ts
||Xstop|| = / Xnom dt +/ Xbrakedt < dorgan~ (52)
to to

This limit is a good indicator to qualify the effectiveness of collision detec-
tion and reaction schemes, since it is an absolute limit before life threatening
injury occurs if penetration into the body happens. It inherently defines min-
imum performance characteristics on actuation dynamics by means of maxi-
mum joint torque and response time.

To reduce injuries caused by knifes and scalpels the use of collision detection
and reaction methods as a countermeasure against soft-tissue injury is first
evaluated by simulation.

5.1.4 A simulation use-case with the LWR-III

Countermeasures against soft-tissue injury can be manifold but a crucial fea-
ture has to be an effective physical collision detection and reaction. If an in-
teraction force is detected the differentiation whether the robot is currently
fulfilling a desired task as preparing food or constitutes a potential threat is
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Figure 5.6: This co-worker setup, presented at the AUTOMATICA 2008 trade fair in Munich was the first
contribution to evaluate such co-worker scenarios. The KUKA Lightweight robot, which is equipped with
a parallel gripper that is covered by a polyurethane enclosure is supporting the human during an assembly
task. The gripper was used to firmly grasp a screwdriver located at a tool wall. The human is modeled by
a crash-test dummy, which is equipped with a silicone arm, modeling the soft behavior of the human soft-
tissue. The dummy was actuated via pressure valves back and forth and thus one was able to “simulate”
the accidental penetration of the robot workspace by the human. The visitors were allowed to trigger the
dummy anytime during task execution and for the entire four-day fair the collision detection was prevent-
ing a penetration into the silicone duplicate of the human arm. Furthermore, visitors were allowed to get
“hands on” experience and a subjective safety feeling was unanimously experienced.
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still to be done. However, this is a question of higher-level planning and hu-
man motion detection involving external sensing as e.g. a vision system, see
Fig. 5.6. Therefore, this a separate topic that is not within the scope of this
thesis.

In Figure 5.6 a sample scenario is given with the DLR-LWR-III as a co-worker
collaborating closely with a human. Distinguishing whether the occurring col-
lision is part of the assembly task or a collision with the human (in this case
with the silicone arm of the crash test dummy) was simply solved by switching
the collision detection off as soon as clamping of the human can be excluded
due to the fact that the distance between the tool and the known environment
(table) is lower than a threshold. In this situation a sufficient world model is
necessary which could be the case in an industrial scenario.

Penetration

Human virtual wall

Collision |detection activated

Figure 5.7: Stabbing simulation with the full dynamic (flexible-joint robot) model of the LWR-III equipped
with a knife. The human soft-tissue is modeled as a virtual wall with the already mentioned spring constant
and is assumed to be clamped, i.e. a worst-case scenario is addressed. The robot is mounted on a fixed
base. The maximum joint velocity of the robot is 120 °/s and the desired motion is a straight line with
reconfiguration from “elbow up” to “elbow down”. The maximum Cartesian velocity resulting from the
maximum joint velocity in the 4th joint, whereas the 2nd and the 7th joint drive at half the velocity, is
0.64 m/s. In this simulation the Cartesian impact velocity was chosen to be xg € {0.16 0.32 0.64} m/s for
fully covered skin. (D: Initial robot configuration. @): The robot moves towards the human. @): Without
collision detection the robot easily penetrates the human skin. 3): With collision detection the robot is able
to detect the collision and stops before the skin is damaged.

In this use-case the penetration of the human skin with a knife and its pre-
vention will be treated. A simple and reasonable contact model for stabbing
is available as mentioned in Sec. 5.1. This simulation shows how easy it is to
penetrate the human skin even with a robot moving at moderate speeds. Pen-
etrating the human skin itself appears to be only a marginal injury but at the
same time various vital organs as the heart or the liver are located relatively
close to the body surface.

In Figure 5.7 the simulated trajectory of the robot is depicted. (1) denotes the
initial configuration of the robot. (2) shows the clear penetration without col-
lision detection, whereas (3) exemplifies how the human skin can be protected
by reacting e.g. with Strategy 1. This particular trajectory is not the worst-case
but it corresponds to a typical robot configuration. In Figure 5.8 the results of
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Figure 5.8: Stabbing simulation with the full dynamic model of the LWR-III equipped with a knife. The
fully covered human stands 0.3 m before the stretched out singularity of the robot, see Fig. 5.7. F}? denotes
the penetration force for fully covered skin. The major difference between Strategy 1 and Strategy 2 is that
stopping the robot immediately (Strategy 1) reduces the contact force much faster compared to Strategy 2,
whereas the switch in control (Strategy 2) reduces the contact force down to zero in contrast to Strategy 1.
Even for 0.64 m/s the collision detection is able to prevent damage from the skin. a.) shows the results
for a joint velocity of 30 °/s, b.) for 60 °/s, and c.) 120 /s in the 4th (elbow) joint. 120°/s is the current
maximum joint velocity of the LWR-IIL

the simulation are shown. The effectiveness is apparent even for high Carte-
sian velocities. The skin is not penetrated since the robot is able to react sen-
sitive and fast enough to prevent the human from being hurt. Furthermore,
the properties of the collision reaction strategies become apparent: Since Strat-
egy 1 actively stops the robot it reduces the contact force significantly faster
than Strategy 2 which reacts delayed. This is due to the passive behavior of
the robot in torque controlled mode with gravitation compensation. However,
Strategy 2 is able to fully lose external contact in contrast to Strategy 1. A
combination of both strategies appears to be the best choice.

After this discussion of a simulation use-case various experiments are de-
scribed in the following, giving an insight into the injury mechanisms during
contact with various sharp tools.

5.2 Experiments

In this section various experiments are presented, which help analyze the in-
jury severity, possibly occurring if a robot with a sharp tool penetrates a soft
material. Especially the dynamics of such an impact is worth to be investi-
gated since during rigid (unconstrained) collisions presented in Chapter 4 the
dynamics is so fast that a realistic robot is not able to reduce the impact char-
acteristics by the collision detection and reaction. However, during previous
investigations a subjective safe feeling could definitely be experienced by the
users. Despite this limitation in reactivity to blunt impacts it was shown as
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well that the necessity of countermeasures is not absolutely crucial since rigid
free impacts with the LWR-III pose only a limited risk at typical robot ve-
locities up to 2 m/s. This is not the case for soft-tissue injuries caused by a
stab, since the injury severity due to the penetration can reach lethal dimen-
sions. The particular worst-case depends on the exact location by means of
underlying potentially injured organs. Because of the much lower dynamics
compared to rigid impacts, the requirements on a reactive robot concerning
detection and reaction speed are less stringent and achievable for such situa-
tions as exemplified in Sec. 5.1.4. It seems surprising at a first glance that it
is not possible to counterbalance rigid blunt robot-human impacts which are
non life-threatening by means of control®, while dangerous or lethal contacts
with tools appear manageable to a certain extent. One purpose of the present
experiments is to prove this statement.

In the following, the situation in which the robot moves in position control
with and without collision detection is considered. The contact force is mea-
sured with a JR3 Force-torque sensor in the wrist. Please note that this sensor
is only used for measurement and not for collision detection.

5.2.1 Investigated tools

There exists a countless variety of tools one could analyze. Therefore a repre-
sentative selection? was carried out, see Fig. 5.9. The focus was especially on
sharp ones so to analyze the problem of stabbing. Furthermore, different blade
profiles and lengths were chosen to investigate cutting, which turned out to be
a vast injury threat.

5.2.2 Silicone block

As a first experimental contact material a silicone block® was used in order to
help gain some first hand knowledge for the sensitivity and effectiveness of
the collision detection and reaction for soft contact, see Fig. 5.10 (left). Due to
its standardized properties it can be used as a benchmark material, in contrast
to some biological tissue. These first tests were conducted at a Cartesian ve-
locity of 0.25 m/s, which is the recommended velocity according to the new
1SO10218 for collaborative robots [130]. The mounted tool is the kitchen knife.
Figure 5.10 (right) shows how effective the collision detection and reaction can
help to reduce contact forces and the penetration depth. The desired goal con-
tiguration was located at a depth of 8 cm in the silicone block. Without any
collision reaction strategy the achieved penetration was 35 mm at a contact
force of 220 N with joint six exceeding its maximum joint torque. With ac-
tivated collision detection and reaction the maximum penetration depth was

*Please note that it is referred to impact speeds of up to 2 m/s.

“The tools were tested in the same condition they were bought except for the fact they were
glued into a rigid mounting to remove eventually beneficial compliances.

°The used silicone was Silastic T2 with a Shore hardness of A40 and manufactured by Dow
Corning.
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Blade
fixture

ountmg

Figure 5.9: Investigated tools: (D Scalpel, @ kitchen knife, 3 scissors, @ steak knife, B screwdriver. These
tools were selected as a reasonable choice of potentially very dangerous ones one could think of in robotic
applications. They were removed from their original fixtures and glued into new mountings. Therefore,
a fixed connection between tool and robot can be guaranteed and no compliance reduces the transferred
forces.

Xp = 0.25m/s
i I, _ ‘ - - -Strategy 0
Maximum joint - Strateey 1

| torques exceeded L

== Collision Detection

L
0.25

Figure 5.10: Stabbing tests with the silicone block and a kitchen knife mounted on the robot. The robot

moves on a straight line along the z-axis with a target position x4 about 8 cm inside the silicone. Without
collision detection the force reaches a value of 220 N. The force drop is due to the intrinsic joint stiffness of

the robot. For activated collision detection and reaction the trajectory stops by setting the desired position
to the current position. The contact force can be limited to 40 N.
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dramatically reduced to < 6 mm at a contact force of 40 N, i.e. a reduction by
a factor of ~ 5.

5.2.3 Pigexperiments

a8 b _ﬁ,F/T-Sensor
B ' / 2 1

Tool

Figure 5.11: Testing setup for the pig experimental series. The robot is equipped with a JR3 force/torque
sensor only for measuring the contact force. The tools are rigidly mounted to the robot such that no sig-
nificant additional compliance is caused. The stabbing trajectory is a straight line along the z-axis and the
desired configuration is slightly above the table. The pig is located on a rigid table, i.e. a clamping scenario
is analyzed due to its worst-case properties.

In order to obtain results with real biological tissue experiments with a pig leg
were conducted, see Fig. 5.11. Anatomically, pigs are commonly accepted as
being similar to human beings. Both impact experiments in automobile crash-
testing and in forensic medicine employ them for first experiments or even for
predictions of human tissue results. Differences to humans and changing tis-
sue properties through mortex are apparent but still it seems to be of immanent
importance to conduct experiments with natural tissue. These investigations
can be fundamental to robotic safety since e.g. classical impact experiments
with knives in forensic medicine as described in [68, 294] did (of course) not
take any robot behavior into account which in turn vastly influences the re-
sulting injury.

Stabbing

Table 5.1 and Fig. 5.13 summarize the outcome of the stabbing tests. The tra-
jectory of the robot was chosen such that it moves on a straight vertical line
(compare also Fig. 5.17) contacting the skin in normal direction with the tool
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xg = 0.16 m/s xr = 0.64m/s
Exp. Nr.  Tool Strategy  dp [mm] ¢ [ms] Fp [N]  zp [mm] | Exp. Nr.  dp [mm] ¢, [ms] Fp [N]  zp [mm]
Al.l Steak knife 0 full 100 15 14 Al.2 full 14 11 10
A2.1 1 none/4 — — — A2.2 22 14 11 10
A3.1 2 3—-5 100 15 14 A3.2 64 14 11 10
B1.1 Scissors 0 full 195 60 25 B1.2 full 47 65 29
B2.1 1 none — — — B2.2 18 34 45 21
B3.1 2 none — — — B3.2 42 42 65 25
Cl1.1 Kitchen knife | 0 98 240 76 29 C1.2 135 55 73 32
Cc2.1 1 none - - - Cc2.2 1 48 60 29
C3.1 2 none — — — C3.2 18 55 76 31
D1.1 Scalpel 0 full 50 5 8 D1.2 full 15 5 10
D2.1 1 17 50 5 8 D2.2 17 15 5 10
D3.1 2 17 50 5 8 D3.2 39 15 5 10

Table 5.1: Results of the stabbing experiments.
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Elastic deformation Penetration

Figure 5.12: Elastic deformation of the skin before penetration up to x; at a force level of F}, (left). Penetra-
tion depth dj, into the tissue after exceeding the tolerance force Fy, (right).

Exp.Nr.(Str) Orl Or2 Or3 Ord Or5 Or6 Or7 Or8 Or9
steak knife A1.1(0)
A1.2(0)
A2.1(1)
A2.2(1)
A3.1(2)
A3.2(2)
scissors B1.1(0)
B1.2(0)
B2.1(1)
B2.2(1)
B3.1(2)
B3.2(2)
kitchen knife | C1.1(0)
C1.2(0)
C2.1(1)
C2.2(1)
C3.1(2)
C3.2(2)
scalpel D1.1(0)
D1.2(0)
D2.1(1)
D2.2(1)
D3.1(2)
D3.2(2)

X X X X X X X
X X X X X X X
X X X X X X X

Table 5.2: Resulting injury for stabbing experiments.
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Figure 5.13: Results of stabbing tests with and without collision detection for the pig tests. (D: screwdriver,
@: steak knife, 3): scissors, @: kitchen knife, ®: scalpel. The arrows denote the moment of penetration.



5.2. EXPERIMENTS 135

axis. The investigated robot velocities were 0.16 m/s and 0.64 m/s. Surpris-
ingly, with the screwdriver mounted, the robot was not able to penetrate the
pig skin at all. For this tool the maximum nominal joint torques were always
exceeded and a low-level safety mechanism engaged the brakes of the robot as
described in Sec. 5.2.2. For the other tools Tab. 5.1 gives the measured values
for the penetration depth d,, the penetration time ¢, (which can be interpreted
as the available reaction time to prevent skin penetration), the penetration force
F, and finally the elastic deflection before penetration x,, i.e. the deflection
of the skin which has to be reached with a particular tool for penetration, see
Fig. 5.12.

As shown in Tab. 5.1, without collision detection (Strategy 0), all sharp tools
penetrate into the tissue with their entire blade length, pointing out the lethal-
ity potential. At the same time it can be deduced that at low speeds a very
good chance of detection and reaction exists and especially for the kitchen
knife and the scissors a full injury prevention possible. For the steak knife the
success depends on the exact location and ranges from no penetration up to a
penetration depth of a few millimeters. For the used scalpel there is actually
no real chance to detect the penetration of the blade. The collision detection is
only triggered by the fixture of the blade, which has a significantly larger cross
section, see Fig. 5.9.

For higher velocities a significant observation, confirming the results from the
simulation can be made: Switching to Strategy 2 causes a higher penetration
depth due to its passive behavior. Because the robot behaves in this control
mode as a free floating mass with a certain amount of initial kinetic energy
further penetration of the tissue until the robot’s energy is fully dissipated
takes place. Furthermore, only Strategy 1 is able to limit the penetration depth
to values which are lethal in absolute worst-case scenarios, i.e. below 2.4 cm.
Surprisingly the penetration force appears not to be velocity dependent.

Apart from the characteristic values of Tab. 5.1 the force profiles of the stab-
bing experiments are depicted in Fig. 5.13. (D shows the obtained graphs for
the screwdriver, (2) for the steak knife, 3) for the scissors, (@), for the kitchen
knife, and () for the scalpel. The force-time relationship is plotted for all three
strategies. Especially following general aspects become clear when evaluating
the plots.

* The moment of penetration is characterized by a significant force discon-
tinuity (drop).

o A low resistance can be observed from the moment the tool intruded the
subcutaneous tissue.

¢ Force reduction by Strategy 2 is significantly slower compared to Strat-
egy 1 (compare as well to Sec. 5.1.4).

¢ After the initial penetration the contact force increases slowly compared
to the elastic force of the skin.
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The influence of the tool mounting (Fig. 5.9) can be observed for Strategy 0,
resulting in a dramatic increase in force and a compression of the entire sub-
ject (the tool mounting establishes a blunt contact). The different course taken
by the scalpel case (5) can be explained in the following. The low penetration
threshold is followed by an almost constant section which represents the intru-
sion of the entire blade. For 0.16 m/s the following increase in force is caused
by the fixture of the blade which therefore can be detected. For the graph with
an impact velocity of 0.64 m/s the force increase due to the fixture is followed
by a second one caused by the mounting as for the previous tools.

Table 5.2 lists the results with respect to each organ and whether it would have
been reached or not. Again, the stopping strategy is the most effective strategy,
which is able to prevent severe penetration.

Cutting

Subject

Figure 5.14: Cutting trajectories for a fixed subject. ¢ is the tool orientation and ¢ the cutting direction.
The tool is positioned such that the blade origin contacts the subject. Thus, the full blade length can be used
for cutting the tissue.

The second injury mechanism which is investigated is cutting. The pure cut
trajectory with a fixed object can be described by the tool orientation ¢, the de-
sired cut direction ¢, and the cutting velocity, see Fig. 5.14. If ¢ is chosen then
the pig position is already determined, since the cut shall be carried out with
the full available blade length. ¢; was chosen to be ¢; = 30 °. Investigated
tools were the steak knife, the scalpel, and the kitchen knife. The question of
which cutting angle ¢ is the worst case was answered experimentally and de-
termined to be ¢ = 10 °. Furthermore, it became apparent that cutting veloci-
ties must be quite high to cause damage to the skin and the underlying tissue.
At a low velocity of ||%Xcut|| = 0.25 m/s more or less no injury was observed
and merely a scratch in the skin could be found. However, at ||Xcut|| = 0.8 m/s
this changed dramatically. Figure 5.15 (lower row) shows the large and deep
lacerations caused by all tools if no safety feature is activated. Life-threatening
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Steak knife Scalpel \ Kitchen knife

™N

101 mm

Figure 5.15: Resulting injury due to cutting. In the upper row the caused laceration depths at 0.8 m/s are
indicated. All tools easily penetrated the tissue and cutting depths of up to 101 mm are reached. Such
depths are lethal and would pose an enormous threat. In the lower row the effect of reacting to a collision is
apparent. The robot stops as soon as a collision was detected (Strategy 1). No cut could be observed. These
tests show that the injury level can be reduced from lethal to none.
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depths can be easily achieved. Please note that the subject is fixed, presum-
ably leading to higher injuries compared to a non-fixed subject. Apparently,
the blade length can greatly influence on the resulting laceration depth. Al-
though a scalpel is an extraordinary sharp tool easily penetrating the skin, the
small blade length limits the penetration depth to 14 mm. This is almost an or-
der of magnitude smaller than for the large kitchen knife. Thus, for such high
velocities long-blade knifes are far more dangerous than e.g. scalpels, which
in turn are able to penetrate the skin already at low velocities.

Though the described large and potentially fatal injuries are possible, the risk
can be reduced, even as high as 0.8 m/s by collision detection and reaction to
almost neglectable levels at which no penetration or cut takes place anymore.
Even in case of the scalpel one is able to fully prevent injury of the epidermis,
pointing out the surprisingly high sensitivity of the collision detection, see
Fig. 5.15 (lower row).

Contact force . Position Velocity

“Fyext [N]
“y [m]

T S ¥ R T R TR VERT 05 1 1 1z 1s 14 s
s tfs

Figure 5.16: Time evolution of cutting with and without collision detection.

Figure 5.16 depicts the force, position, and velocity profiles for the cut motion.
The forces are mainly acting in the (“'z,"z)-plane. The figure shows mea-
surements for Strategy 0 and Strategy 1. Again, the effectiveness of detection
is observed. Att¢ ~ 1.08 s the beginning of a zagged behavior can be seen,
which corresponds to the penetration event. The coresponding contact force is
~ 80 N. With Strategy 1 activated such large forces are prevented.

In summary, the following main conclusions for cutting can be drawn:

1. Injuries caused by cutting can reach severe or even lethal levels at high
velocities. At low velocities the epidermis is barely injured.

2. The achieved level of injury mainly depends on the blade length and the
cutting velocity.
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3. Collision detection based on joint torque sensing is an effective counter-
measure to completely prevent injuries from cutting even at high veloci-
ties.

With the knowledge gained from the evaluation of soft-tissue injuries caused
by sharp tools, the author was confident to explore the effectiveness of the
collision detection.

5.2.4 Human experiments

Force/torque sensor

Kitchen knife

Human arm

No collision With collision

Figure 5.17: Effectiveness of the collision detection and reaction. The human arm is hit by the robot at
[Ixr|| € {0.1 0.25 0.5 0.75} m/s. The desired trajectory of the robot is a straight line in vertical direction.
@: Initial robot configuration. @: The robot moves along its desired trajectory. @): Desired goal config-
uration of the robot. @): The robot detects the collision with the human arm and stops before hurting the
human.

Since the presented experiments showed really promising results and proved
how reliably one is able to promptly detect and react to collisions, some mea-
surements are shown, where a human holds his arm in free space against the
moving robot with a mounted knife, see Fig. 5.17. The robot velocity was cho-
sen to be ||xg|| € {0.1 0.25 0.5 0.75} m/s. In Figure 5.18 the measured force
during the collision with the human is plotted. Due to the collision detection
the robot is able to prevent the human from being injured at all. The contact
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Figure 5.18: Stabbing tests in free space with human volunteer. The force can be limited to subcritical
values. The dashed line is the measured contact force and the dashed-dotted line the collision detection
signal.

force was limited in this experiment to 7 N for 0.1 m/s, to 13 N at 0.25 m/s, to
23 N at 0.5 m/s and to 55 N at 0.75 m/s. Only for 0.75 m/s a minimal scratch
in the epidermis could be observed. This experiment strongly supports the
results obtained from simulation and experimental evaluations. It points out
that, although intuitively it seems unrealistic to prevent injury from humans
during sharp contact by means of control, there is a clear chance to greatly
reduce danger to the human even up to velocities of 0.75 m/s.

5.3 Summary

In this chapter the biomechanical basics of soft-tissue injury were introduced.
Furthermore, experimental data regarding the depth of vital organs was pre-
sented, which is used as a realistic requirement for the braking distance of a
robot. Then, a simulation and experimental evaluation of soft-tissue injuries
in robotics and a verification of possible countermeasures by means of control
were carried out. The treatment of such injuries is a crucial prerequesite to al-
low robots the handling of sharp tools in the presence of humans. In this chap-
ter stab/puncture wounds caused by sharp tools were addressed. The fact that
a knife can penetrate into deeper human inner regions and therefore threaten
sensitive organs mainly motivated this evaluation. Various increasingly sharp
tools were tested ranging from a screwdriver to a scalpel and showed the huge
benefit of the collision detection and reaction.



Reactive pre-collision strategies

From a control point of view this thesis dealt to a large extent with physi-
cal collisions, their detection and following reaction up to now. Apart from
such physical analysis and control, immanent injury can be diminished if the
robot is able to reduce its impact speed or change its moving direction prior to
the collision. Locally, the robot would circumvent the human or obstacle and
avoid the impact completely. Therefore, it is of major importance to provide
flexible motion generation methods, which take into account the possibly com-
plex environment structure and at the same time can react quickly to changing
conditions.

Motion generation methods can be divided into path planning algorithms and
reactive motion generation. On the one hand (probabilistic) complete, highly
sophisticated offline path planning methods are used, which provide complete
collision free paths for potentially complex scenarios [45] with multi degree-
of-freedom (DoF) open or closed chain kinematics. On the other hand, reactive
motion generators, which usually show a more responsive behavior, are sim-
pler and have short execution cycles. Usually, these methods associate virtual
forces to obstacles that act on virtual dynamics assigned to the robot. Both
classes mostly treat the entire motion generation problem from a purely geo-
metric/kinematic point of view. However, with the recent advances in pHRI it
becomes more important to be able to plan complex motions for task achieve-
ment and cope with the proximity of dynamic obstacles under the absolute
premise of safety to the human at the same time. However, under these con-
straints both existing approaches have significant drawbacks. Complex mo-
tion planners cannot match the real-time requirements of the low-level con-
trol cycle due to their computational complexity. Reactive methods on the
other hand do usually not provide completeness and are (some more, oth-
ers less) prone to get stuck in local minima. Most importantly however, both

141
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approaches do not incorporate physical forces into their according behavior.
Therefore, they are not able to treat forces not as a failure but as an additional
sensory input that provides valuable information. This dilemma necessitates
to treat motion planning, collision avoidance, and collision detection/reaction
in a unified approach. Global planning methods have to generate some valid
path for the coarse motion of the robot, but it seems that absolute path opti-
mality and strict collision avoidance at the planning stage do not have the top
priority in highly dynamic environments. Since the overall execution time,
robustness, and flexible reaction are of higher interest. In order to satisfy the
requirements posed by quick and safe reaction cycles, real-time methods have
to be used for local motions, which can fully exploit the capabilities of the
robot and ensure the collision avoidance through local reactions. However, it
is no longer satisfactory to only circumvent objects while avoiding contact. On
the contrary, contact has to be an integral part of the reactive motion scheme
since it could be the vital part of the task. Therefore, contact force information
should be integrated into the collision avoidance schemes so that in case unex-
pected contact occurs, e.g. due to incomplete/inconsistent knowledge of the
environment or unpredicted behavior of the human, the robot can retract and
circumvent the sources of external forces. Such an approach would require a
well balanced interaction of collision avoidance and interaction control. Fur-
thermore, a common severe problem with existing purely reactive strategies
is their unpredictable behavior in case of virtual/physical external forces in
dynamic settings. This behavior may lead to dangerous situations and was
mostly ignored in the robotics literature.

In this chapter two solutions to the avoidance problem are proposed that are
also able to cope with contact forces. First, it is shown how the measurement
of distance to the human can be used to reduce and even prevent a collision
with the human without deviating from the particular desired geometric path.
Then, an approach is discussed that combines trajectory generation and reac-
tive collision avoidance by online motion deformation. The algorithm is also
capable of coping with external forces and furthermore is able to serve as a
general purpose interpolator with arbitrary desired velocity profile. Even in
case of external contacts, a clear behavior of the robot is provided and contact
information is used for deforming the trajectory safely in real-time. Impor-
tant to notice is the fact that both methods treat proximity and contact in a
consistent manner and thus do not strictly separate collision avoidance from
collision reaction anymore. Generally speaking, the first method is strictly task
consistent, while the second scheme is of task relaxing type.

The chapter is organized as follows. Section 6.1 introduces the first avoidance
algorithm that is based on the trajectory scaling method from Chapter 3. In
Section 6.2 an overview on the concept of the second algorithm with some
simple simulations to illustrate it is given. Furthermore, simulation results
for the LWR-III are shown and finally, the experimental performance of the
proposed method for static and dynamic scenarios is outlined.
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Figure 6.1: Penetration residual based on proximity.

6.1 Reaction strategy with task preservation

As described in Chapter 3 trajectory scaling can be used to provide task con-
sistent compliant behavior during contact with the human. There, estimated
external torque in combination with a properly designed shaping function is
used to scale the dynamics of the trajectory execution. This leads to contin-
uously slowing down, stopping, and reverting of the robot motion along its
desired trajectory, depending on the magnitude and direction of the distur-
bance. The extension of the trajectory scaling methods to this of sensory input
is rather straight forward. Apart from utilizing these physical contact signals it
is of major importance to use the proximity information of the robot structure
with respect to its environment and the human.

The same information on human proximity (or any other object) may be used
for collision avoidance in both joint and Cartesian space based on geometric
residuals (which can e.g. be transformed via potential fields into virtual forces)
in the same sense as contact forces/torques.

6.1.1 Proximity disturbance signals

In order to apply similar trajectory scaling techniques to proximity, as already
done for force information, the obstacle residual vector p € R? of a geometric
object GO into the robot hull S is defined as the residual p = xg — x§. The
vector p denotes the maximum instantaneous penetration of GO into the hull
S, see Fig. 6.1. x5(S) is the parametric vector description of the surface and
xs, (Sr) describes the full reverse volume of S, which is the orthogonal projec-
tion of S by pmax € RT along the surface normal. Each S is associated with
so called control points cps distributed along the robot structure. This allows
to define a particular distance profile for every cp below which the residual
is activated. S is not necessarily an iso-surface. It can depend on the current
robot mode, the instantaneous velocity, or the configuration. For calculating
the scaling function that is then used to shape the interpolation time ¥ (p) is
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defined similar to (3.119)

U(p) = - <p A, > 6.1)
+

a \" [lAxgll

and directly apply this signal for scaling the time increment At via (3.120).

In the example given in Fig 6.1 the endeffector pose is used as the relevant
control point x.,. This in turn is directly associated with a hull S. The same
methodology can be applied to multiple control points. The residual p causes
the robot to slow down, stop, and revert motion with increasing penetration
depth ||p||. This behavior is denoted by the indicated scaling value, ranging
from 1 (nominal speed) to —1 (full reverse). When the surface S; is breached,
the normalized residuum is —1. This leads to a full nominal speed reverse
of the robot motion until leaving this “emergency” area. In order to use both
proximity and contact force (6.1) and (3.119) are combined by

Wies = mln{\lf(p), \Ij(f.)} (62)

and use this for scaling interpolation time.

Next, an experiment is discussed that shows the effectiveness of the approach
for both virtual and physical residuals acting at the same time.

6.1.2 Experiment

Passive marker tracking system

Free motion

\
Passive 6DoF marker

Figure 6.2: Trajectory scaling for virtual residuals that are calculated from the penetration of the point object
“human wrist” and a spherical surface Sp associated with the robot end effector.

Figure 6.2 shows the experimental setup. The robot performs a Cartesian mo-
tion with trajectory scaling being activated for both, contact force and human
proximity to the TCP of the robot. The contact force is obtained by (3.98) and
the human pose (more specifically the wrist frame) is measured with an ART
passive marker tracking system [21]. Figure 6.3 depicts the corresponding
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Figure 6.3: Trajectory scaling with physical (left) and virtual (left) residuals.

measurement. On the left side the translation is depicted for the consecutive
goal configurations x;; = [—0.45 0.5 0.4] and x42 = [-0.6 — 0.2 0.2]. Dur-
ing the motion towards the first goal, a human pushes against the robot. This
causes the residual to decrease (slow down), become zero (stop), and negative
(drive backwards)!. A similar behavior is observed for proximity measure-
ments. If the residual ||p|| = 0, the scaling factor is f; = 1, i.e. normal in-
terpolation time is active (see also Fig. 6.2). If the human breaches the critical
proximity, the robot behaves according to the scaling with physical residuals.
Important to notice is the coordinated behavior in all axes caused by the scal-
ing of the scalar time variable, which is unique in the interpolation process and
thus consistently affects all degrees of freedom.

In the next section a reactive collision avoidance method is developed, which
is suitable for real-time collision avoidance and retraction while generating
arbitrary desired velocity inputs at the same time.

6.2 Reaction strategy without task preservation

In order to design a method for task relaxing collision avoidance the desired
behavior is first described on an abstract level. Having these requirements
makes the derivation of the proposed method more intuitive. Figure 6.4 de-
picts the overall concept. Please note that it is not intended to solve the global
motion planning problem, but to provide an easy to use flexible real-time colli-
sion avoidance that is also able to deal with external forces acting on the robot,
while at the same time ensures even during the occurrence of disturbances

!This is behavior depends on the residual magnitude and was already shown in Chapter 3
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Figure 6.4: Desired behavior of the proposed task relaxing collision reaction.

a desired path velocity/acceleration. A coarse motion planner is assumed to
provide desired via points that serve the local (hard) real-time motion planner
as landmarks to be converged to. The main behaviors that are sought to be
provided are as follows.

1. generate motion of arbitrary (useful) path velocity to move from start to
goal configuration if no disturbance is present

2. be able to treat both, obstacle proximity and contact force by appropriate
reaction behavior

3. be able to integrate force based disturbance signals for generating vari-
ous avoidance behaviors (e.g. potential fields or circular fields)

4. escape from contact forces if desired

5. use external forces for the generation of virtual objects in order to prevent
future collisions with the particular obstacles

Next, the concrete algorithm design steps are described in more detail.

6.2.1 Algorthm design

The collision avoidance technique presented in this section is based on the
attractor idea of the potential field method. Several further developments/-
improvements to help overcome some of its major drawbacks are introduced.
Figure 6.5 depicts the consecutive desired behaviors (D-®), visualizing the
design process of the algorithm. In addition, the proposed schemes that were
selected to fulfill the requirements are given.

Main concept of the method

The main goal is to obtain a real-time collision avoidance method that can run
in the inner most control loop of the robot (at least 1 kHz). The virtual and
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Figure 6.5: Design steps for the proposed algorithm.

physical forces should serve as the input for avoiding collisions or retract from
them (1. Therefore, a decoupled impedance equation is chosen for motion cal-
culation and for sake of smoothness of the generated motion (2. In order to
be able to follow arbitrary desired velocity profiles, the predicted path of the
resulting attractor dynamics is traversed every time step and the configura-
tion along this predicted trajectory that matches the associated desired velocity
value (3) is chosen. This enables to use only the geometric properties of the cal-
culated path, having the favorable characteristics of the attractor, while forcing
the motion generator to produce the commanded desired velocities along this
path.

Especially during physical contact it is often desirable to slow down the mo-
tion, which is ensured by velocity scaling (4. Finally, the coupling to the goal
(the attractor stiffness) is altered depending on the current state ). This leads
to a temporal detachment from the goal configuration during (virtual) contact
and prevents unnecessary fighting between attractive and repulsive forces,
which typically leads to bouncing effects.

Attractor design

Potential Field methods as introduced in [144] are well known for their com-
putational efficiency and general applicability. As a result, they have become
a standard method in robotics [258]. In the original work a potential field was
introduced that consists of a driving attractor for reaching the target config-
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uration, while the robot is being deviated form its desired motion by virtual
objects that generate repelling virtual forces. The total force is described by

F(x4,x,X0) = Fo(x4, %) + Fr(X4,%0)
= Fa(%a) + > Fry(Xa,%o,), 63)
k

with x4, x5, %,, € R"being the position of the virtual particle?, the desired goal
configuration and the closest point of the surface S, of the kth repulsive object.
F: R"xR"xR") — R", Fo, Fr : (R xR") — R" are the resulting driving,
attractive, and repulsive force associated with the potential V' : (R"xR"xR") —
R"™ via

OV (xq,X),Xo)

Fl(xg,x5,%,) = B Pam— (6.4)

The overall repulsive force usually consists of the sum of the k repulsive com-

ponents F,, : R"xR"™ — R". The attractive force is expressed by the first order
differential equation

Fa(xy) = Ky (xq — x37) + DyXq, (6.5)

with K, = diag{K,;} € R"*", i = 1...n being a diagonal stiffness matrix
and D, = diag{D,;} € R"*", i = 1...n the diagonal damping matrix. In
order to bound the resulting velocity, which could in principle become high,
[144] proposed to set bounds on the desired velocity, based on the norm of
the desired velocity vector. So it is achieved to travel at constant maximum
velocity after acceleration and before deceleration phase.

In most cases the repulsive forces are expressed as a function of the distances
from the virtual particle to the repulsive elements. These objects are often
chosen to be of simple geometric shape as e.g. spheres, cylinders, or planes.
For the ease of use, x4, X}, X, are omitted from now on in the force functions
(using e.g. F instead of F (x4, X}, X,)).

Apart from the slight redefinition of virtual external forces, the classical po-
tential-field method is changed by assigning a mass to the virtual particle,
producing a trajectory that could in principle take into account the robot in-
ertial properties into the commanded motion. The resulting particle dynamics
are therefore defined by a second order mass-spring-damper-system.

Fr =M%, + K, (Xd — X:;) + Dyxy4, (66)

with M, € R™*" being the virtual mass matrix.

As mentioned earlier it is important to incorporate real physical forces into the
avoidance scheme to provide a more general disturbance response. Therefore,
the real external forces Ft € R"™ that act along the robot structure are used

Please note that in the original work, the operational forces were directly projected into
motor commands via the Jacobian transpose.
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as well (in combination with an appropriate positive definite diagonal scaling
matrix Gey = diag{Gl,,}, G, > 0). Equation (6.6) becomes
f

T'total

= fr + Gextfext = Mvid + KU (Xd - X;kl) + kad' (67)

These contact forces are provided by a force sensor in the robot wrist or by
the accurate estimation by an observer. In case of joint torques, these can then
be transformed into estimations of external forces as described in Chapter 3.
Now, they may be used as an input for task space avoidance®. By handling the
real external forces acting on the robot structure the same way as the virtual
repulsive elements, their effects are comparable and can be designed in an
unified manner. This makes it possible to introduce more advanced contact
responses than if forces are purely used for control purposes in force feedback
loops.

This type of second order differential equation is usually unsolvable for dy-
namic environments, producing highly nonlinear and rapidly changing vir-
tual forces, together with basically unpredictable physical forces.

]:

Ttotal

= fr + Gext]:ext ~ fr + Gextj:ext = f(SR,SR,SZ‘,SZ‘,t, .. ) + Gextj:ext
(6.8)

Sk, Sk are the r_elevant surface representation of the robot and its velocity,
repectively. S;,S; are the positions and velocities of static and dynamic en-
vironment objects.

Due to the mentioned induction of highly nonlinear system behavior, forward
simulation of (6.7) needs to be used for achieving a smooth motion with si-
multaneous collision avoidance, utilizing the input of the repelling virtual and
physical force. t. € R is the time horizon used for calculating the desired
motion.

Object motion can be given in terms of observation and prediction, so that 7,
is representing the predicted virtual dynamics during numerical integration of
(6.7). External forces act as a constant bias force during each sample .

Double integration of (6.7) every sample time ¢,, leads to the predicted path
m ,(t), t € [ty ...t] of the virtual particle:

te
M i=Xa= [ | M [Fpypym Ko (xa=x5) = Doa] dt + %a(ty) dt + Xa(tn). (69)
tn

The simplest thing to do is to set t. = t,, + At with At being the discrete
interpolation sample time. In other words, each integration step is calculated
and the outcome is directly used as the desired trajectory. However, such a
simple solution leads for most cases to undesired velocities and accelerations
of the generated path.

3This estimation degrades when approaching kinematic singularities due to the Jacobian
becoming singular.
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Figure 6.6: Schematic views of the collision avoidance for two consecutive iteration steps. The left figure
denotes free motion during the first step, whereas the right one takes into account a motion model of a
suddenly appearing external virtual object for the next iteration.

In order to eliminate this unfavorable property (6.9) is applied with a forward
Euler integrator for a limited amount of s € NT steps within a certain prede-
fined time interval ¢, = sAt¢. The constant s has been chosen such that the
real-time condition of the inner most control loop is not violated. This way the
system path m, ,,(t' < t.) is predicted every time step, incorporating the dy-
namic behavior of the environment and the external forces, which are assumed
to be a vector field in this prediction step. The time information associated
with it is dismissed and instead a new input variable is used, the desired track
speed i/, € R}. In order to match this desired velocity #/,, the configuration
X4(tn+1) along the path m, ,, that ensures this velocity is searched for.

This yields s + 1 sampling points x4(t2, ;) ... x4(t5 ;) with the starting config-
uration x4(t0, ;) = x4(tn), %4(t 1) = %a(t,) being also the starting configura-
tion of the robot. The following algorithm interpolates between the bracketing
sampling points for the desired track speed #/; and produces the according
ordered configuration x4 € R".
1=0;
vy = 0;
while (v; < &))) A (i < s) do

t=1+1;

. ,
v = vy 4 PRt )]
1 T 1— 3

thrt?ﬁl !
end
if 1 < s then
y . . oy

| Xora = Xa (63h) + (xa (tha) = xa (7)) 2=
end
if i > s then

| Xord = Xd(tz+1);
end

When i/, cannot be reached, as the integrator steps were not sulfficient, the
last sample point is chosen x4y = x4(t;, ;). This usually happens. When the
virtual particle gets stuck in a local minimum or near the goal position x}; as
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the goal is asymptotically approached, i/, accidently commanded to jump, or
&/, is inappropriately high. A visual description of the principle is depicted in
Figure 6.6.

In summary, keep the smooth properties and the inherent collision avoidance
capabilities of the generated local path, but the velocity of the robot can be
commanded independently, even arbitrarily. However, the absolute assurance
of collision avoidance is given up. On the other hand, as physical forces are
already incorporated into the design of the process physical collisions can be
easily addressed. Some rough similarity of the proposed algorithm are ob-
served with Model Predictive Control (MPC) [23, 39]. Nonetheless, there are
significant differences. In MPC the discrete model of the process to be con-
trolled is used to calculate future system states due to control inputs. This
prediction is used to optimally alter the control input for of a given cost func-
tion.

|If-|| == 0

K,

l1£-]| >0

[fexe|| == O | [fexc[| >0

Figure 6.7: State depending scaling of the attractor stiffness. The attractor switches its stiffness K, de-
pending on the virtual or physical contact. State RUN:K, = K4 denotes some desired attractive behavior
between particle and goal. State AVOID: K, = 0, denotes zero coupling between particle and goal. GenDo
denotes the generation of virtual obstacles based on contact force information.

As argued already, continuous fighting between attraction and repulsion/-
avoidance would occur for any attractor based method. In order to eliminate
this effect, which usually causes bumping behavior during virtual contact, the
virtual dynamics of the particle are allowed to instantaneously change its cou-
pling with the goal state K. Discrete states are defined which the attractor
stiffness can occupy, as RUN and AVOID, see Fig. 6.7. The state GenDo gen-
erates virtual obstacles based on the contact force direction and magnitude.
Some details of this work are published in [107].

In addition to the designed behavior so far, the attractor is also aimed for be-
ing able to alter its velocity magnitude if disturbances occur. As shown in
Chapter 3 trajectory scaling could e.g. be applied here. As this basically re-
sults in a velocity scaling, the choice of x4 may also be directly affected. The
easiest way to achieve this is to shape @/, before performing the search. The
concrete behavior is basically a free design choice as it may e.g. be desirable to
only reduce speed for particular directions or magnitudes of the residual (see
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Sec. 6.2.2 for implementation details).

Next the design of the different inputs and parameters of the algorithm are
outlined as a possible implementation choice.

6.2.2 Implementation

There are numerous ways to implement the described concept. Therefore,
more details on the chosen concrete realization, which performed well during
the experiments is given in the following.

Repulsive forces

The particular design of repulsive forces is a choice to be made. In this thesis
a classical choice of range limited, cosine shaped force profiles is used for all
simulations and experiments.

(Xo0;, —Xq) Cos<dm§xk ﬂ-)+1 .
Fri(Xdy X0, ) = kdk 5 fmax, if d€10. .. dmax,], (6.10)
0 else,

with di, = ||xq — X,, || and dmax, being the maximum distance of influence of a
repulsive element. fmax, is the maximum repelling force of the kth repulsive
element.

Velocity profiles

Since the proposed method allows the use of arbitrary time based input veloc-
ity profiles i/,(t), e.g. classical trapezoidal or sinusoidal motion can be real-
ized with inherent collision avoidance or any other desired profile. However,
time based profiles are only of limited use during virtual or physical colli-
sions, since they are intrinsically violated when deviation from the nominal
path takes place. Therefore, a distance based profile would be a better choice.

A combination of both could be selected as well, depending on 7, . Here,
the following desired velocity profile is used.
('udfé)% (lfcos (ﬂ(%)))Jré ifeg < cy
i ey = d vl ifeq >c1Neg<ca 6.11
0 =0 (g )4 (14 com (n (522))) 45 ifea > es nea < (1) (6.1)
0 else,

where v, denotes the nominal constant track speed, and ¢y, ¢y € RT the accel-
eration and deceleration boundaries, respectively. § € RT <« ¢ is a tolerance
value for arrival and e; € [0... 1] is defined as

Xg — x(’gﬂ-

(6.12)

eq ‘=
%0 — xall + llxa = x|’
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Figure 6.8: Upper left: Relevant configurations for defining the distance to travel 4. The initial configuration
is denoted by xo, the first goal by x7 ; and the second one by x7 ,. The generated trajectory is xq.Upper
right: Velocity-scaling factor with respect to £(—F7,%4). 0° means the robot is directly approaching the
obstacle. Lower left: Direction dependent velocity scaling depicted in 2D. The left figure shows the position
x4 at equidistant time intervals of 0.1 s (black obstacles). The red circles show the obstacle together with
the force horizon for 0%, 50% and 100% maximum force. Lower right: trajectory of the z- and y-coordinates
(with z being solid and y dashed) and the velocity scaling factor k..
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where x;, denotes a desired goal configuration. e; can be interpreted as a
normalized “distance to travel”. This definition is chosen since it possible to
change the goal online without having to readapt the boundary values, see
Fig. 6.8 (upper left). When changing the goal from x7 ; to xj , during travel it is

not sufficient to only use e; := H This is due to the fact that ds < d; +d»
is only valid while the first target is chosen but d3z > d4 when switching to the

second one, potentially leading to e > 1.

Velocity scaling

During (virtual) contact, the commanded velocity can be additionally shaped,
similar to the method described in Chapter 3.4.2 for physical contact. Thus,
due to the collision avoidance, the robot could continously reduce speed, or
even retract, while at the same time actively avoid the upcoming collision. In
the most basic case the presence of external objects should lead to a lower ve-
locity. For this purpose, the method of trajectory scaling in case of || F,|| > 0is
used to slow down the motion around objects generating these virtual forces.
One extension over this pure scaling of velocities in the presence of a repelling
force || F,|| > 0 is to scale the velocity-profile, as a function of the direction of
the repelling force 7, and the current motion x4, see Fig. 6.8 (upper right).
All scaling effect will be grouped in the scaling factor ¢, € [0... 1], which is di-
rectly multiplied with the desired track speed #/,, leading to the new direction
depended input i/} € R:

il = eyl (6.13)

Virtual force based velocity scaling The angle between the repelling force
—F, and the commanded velocity vector x4 is given by

<_-7:7"75(ord>>
= arccos | ———— | , 6.14
¢ <Hfruuxordu 619

with ¢ € [0...7]. (6.14) can then be used to calculate a velocity scaling factor,
given the parameter for the speed-ditch width w € [0... 7] and amplitude
a € [0...1]. The velocity scaling factor ¢, virt € [0...1] is defined as

cos(%)Jrl .

C'U,Virt(qb) — { 1 - a72 lf ¢ € [_w o w], (615)

1 else

where ¢, virt € [0...1]. For ensuring a smooth velocity change, a is defined as
a function of || ||,

cos (1l +1
o Ja (1 - M) A,
A else

(6.16)

with fiax € RT being some force saturation constantand A € [0. .. 1]. ¢, virt(¢)
is symmetric: ¢, vyir(—¢) = ¢, vyirt(¢). Therefore, the restriction of (6.14) to
[0...7] does not generate any conflict.
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Physical force based velocity scaling Scaling down the velocity can be use-
ful during physical contact. This is done by applying a monotonically de-
creasing scaling function g : R™ — R for obtaining the physical scaling factor
Cv7ext E [0 o e 1]

Cy,ext = g(}—ext)- (617)

In order to incorporate physical forces, there are various behaviors that are
desirable. An intuitive choice is to slow down if motion and force vector point
in different directions and to accelerate if their direction is similar.

Fusion

In order to fuse both scaling factors consistently, the more conservative one is
used to ensure safer behavior.

Cy = min(cv,virt((b)v Cv,ext(fexh ce )) (618)

This leads to a slowdown of the motion as long as the robot drives towards
critical obstacles, but leaves the desired velocity untouched if bypassing or
departing.

Stiffness adaptation

As described previously, the attractor stiffness enables to change the overall at-
tractor behavior online according to the current situation. High stiffness relates
to higher convergence rate, whereas decreasing values represent an increasing
decoupling from the goal configuration. This helps improve avoidance behav-
ior, as stiffness adaptation prevents fighting between attractive and repulsive
forces.

In the implementation the information obtained from eg4, F,, and Fex is uti-
lized in order to achieve intuitive behavior. If no obstacle is to be avoided the
diagonal stiffness values K, = diag{K, ;} are set to high values that are in the
order of the physical reflected robot stiffness as a function of eg4.

KDhieh — max{ KMax(1 — ¢;), K™in} (6.19)

With this definition higher convergence rate during goal approaching phase
and less spiral behavior (especially if the initial velocities are non-zero) are
provided. In case avoiding behavior (due to virtual or physical forces) is de-
sired, a relaxing behavior is activated, which enables decoupling of virtual
particle and goal configuration. Figure 6.9 depicts the overall block diagram
of the implemented method.

In the next subsection simulation results with a full dynamic simulation of a
Cartesian impedance controlled robot are shown.
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Figure 6.9: Block diagram of the proposed method. The stiffness adaptation depends on the distance to the
desired goal configuration, the current commanded pose, and the virtual and external forces. The velocity
profile is based on the distance to travel and produces the desired track speed. The traversing attractor
calculates with these inputs the commaned pose.

Figure 6.10: Motion without collision avoidance (left). Motion with collision avoidance (right).
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Figure 6.11: Collision avoidance behavior in the three translational planes.
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Figure 6.12: Desired and generated velocity profile of the attractor without an external object (left), which
leads to ||%4|| = &/, and with a virtual object (right), resulting in ||x4|| = &!] = ky&/,.
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Figure 6.13: Time courses of the generated translational motion with an unknown virtual object.
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Figure 6.14: Resulting avoidance behavior for different start configurations and the same goal configuration
for a full dynamic simulation of an impedance controlled manipulator and the human moving towards the
robot.

6.2.3 Simulations

The described method was implemented for a full dynamic simulation of the
LWR-III in Cartesian impedance controlled mode, where only constant attrac-
tor dynamics are used for simplicity. The attractor parameters were chosen to
be K, = diag{1000} N/m, D, = diag{3.16} Ns/m, and M, = diag{1.0} kg.
At x, = [0.3 0.35 0.4] m a virtual spherical object with radius » = 0.2 m is
placed. Initially, the TCP of the robot is at xo = [0.05 0.44 0.55] m. The robot
is commanded such that the orientation is kept constant and the goal config-
uration is at x}; = [0.5 0.45 0.35] m. Figure 6.10 (left) depicts the behavior
of the motion generator for 7, = 0. The robot is reaching its goal under the
constraint of the given velocity profile, see Fig. 6.12 (left). Figure 6.10 (right)
on the other hand indicates the behavior while taking the virtual object into
account, with Fig. 6.13 showing the corresponding time courses. The robot
deviates from its original motion path and circumvents the object accordingly.
During the “contact phase”, the velocity is scaled additionally (see Figure 6.12
(right)) and at the same time the virtual stiffness K, is switched to a low value
of diag{10} N/m to provide higher obstacle avoidance performance instead of
good tracking behavior*. Figure 6.11 depicts the generated motions in (z,y),
(y,2), and (z, z) plane.

Figure 6.14 shows the simulation result for different starting points and the
common goal configuration of the robot. The nominal trajectory is a straight
line from different starting points to a common end point. The avoidance takes
place for a dynamic motion of the human towards the robot, cutting the origi-
nal motion path.

After this full dynamic simulation the experimental performance of the pro-
posed method for the LWR-III is analyzed.

*Please note that for this simulation the more complex scaling of the attractor stiffness de-
scribed in Sec. 6.2.2 was not used. This, however, is applied in Sec. 6.2.4 for the experimental
part.
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Figure 6.16: Configuration of Billiard balls (left). 2D plot of the collision avoidance experiment with the
Billard balls (right). Please note that the radius of potentials on the right side is not the same as the one of
the recognized balls. Only the position of the ball center is used for their definition.

6.2.4 Experiments

In this section experiments to examine the performance of the proposed method
in various situations with static and dynamic obstacles are presented.

Static obstacles

Figure 6.15 illustrates the setup for showcasing the abilities to circumvent var-
ious static obstacles (billard balls). The objects are manually and arbitrarily ar-
ranged on the table and then identified with an object recognition system [223].
Their positions are used to define the artificial repulsive potential fields. In Fig-
ure 6.16 (left) the scene view from above is shown, where the robot reached its
target configuration. Figure 6.16 (right) depicts the commanded motion (solid)
and the real path of the robot (dashed). v4 was chosen to be 0.2 m/s. The slight
deviation is caused by the use of Cartesian impedance control since no feed-
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Figure 6.17: 3D plot of the collision avoidance experiment with the Billard balls. Please note this is a 2D
experiment visualized in 3D. Therefore (6.10) is only defined in 2D and the visualized height corresponds
to the magnitude of the repulsive elements (which is sinusoidally shaped).
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Figure 6.18: Time courses of the avoidance in z-direction (left) and y-direction (right) as a function of time.
The plot shows the desired trajectory x4 and the real motion of the robot x.
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Figure 6.19: Collision avoidance behavior with a proximity sensor. The laser scanner mounted in the DLR
3D Modeller is used. The device is mounted on the TCP and gives proximity information for an opening
angle of 270 ©. The original motion path in absence of a disturbance is indicated by the arrow and the goal
configuration is denoted by x;.

forward compensation was used. Figure 6.17 denotes the 3D visualization and
Figure 6.18 the timely behavior of the robot.

Dynamic obstacles

The performance of the method is evaluated for three distinct dynamic sit-
uations. Figure 6.19 depicts the situation for the first experiment. The DLR
3D Modeler [273] is mounted on the robot in order to use the integrated laser
scanner for acquiring proximity data. In the second experiment an Advanced
Realtime Tracking (ART) tracking system is used for passively tracking the hu-
man wrist pose. In the third scenario the estimated external forces provided
by (3.96) were utilized as the repulsive input. This experiment shows how the
method can cope with robot-human collisions and unexpected rigid impacts
with the environment, see Fig 6.22.

The measurement results of the second experiment are given in Fig. 6.20. The
robot is commanded to reach the desired goal configuration x};. As soon as the
human holds his arm into the workspace and blocks the initial motion path,
the robot circumvents the hand and reaches the goal. The original desired mo-
tion is depicted and the generated virtual forces are shown along the human
motion path and the resulting robot trajectory. The human moves from the
right side to the left, while the robot intends to reach the right configuration.
As soon as the robot is affected by virtual forces it starts deviating from the
path. After the human surpasses it, it moves again towards the goal and ter-
minates there.

From Fig. 6.21 and Fig. 6.23 one can see how the method can cope with external
forces in the same way as with virtual ones. The human pushes the robot while
it is moving and the desired motion is deformed such that the robot is deviated
from its path, see Figure 6.21. In Figure 6.23 the robot collides with the table
after being pushed by the human into the unknown object. Then, the contact
information is used to recover from this second collision. Finally, the robot
reaches its goal position.

Especially for the table impact one can see how the Cartesian impedance con-
trol, the external force estimation, and the collision avoidance work together
to recover from this unexpected rigid contact and how the robot still reaches
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Figure 6.20: Dynamic collision avoidance with tracking system.
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Figure 6.21: The plot depicts the behavior for pushing the robot. After the collision the robot quickly
recovers from the contact and finds its way into the final goal.
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Figure 6.22: The robot is pushed by the human and thus deviates its trajectory. Since the robot has no
knowledge about the position of the table, the robot collides into the table. However, it smoothly and
quickly recovers from this rigid contact due to the deformation of the path and the used impedance control.
Finally it reaches the desired goal configuration x;. The external forces are obtained with the nonlinear
observer based on the generalized momentum.
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Figure 6.23: The plot depicts the behavior for pushing the robot harder, which results in a second collision
with the table. Even though the robot has no prior knowledge of the table it quickly recovers from the
second contact and finds it way into the final goal.
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its goal.

6.3 Summary

In this chapter two methods for reactive motion generation were outlined.
The first one is a straightforward extension of the trajectory scaling method
developed in Chapter 3 to the case of virtual forces for collision prevention.
The second one is based on an intuitive physical interpretation, namely an
impedance-like motion generation. The method is well suited to serve in be-
tween global motion planning and control to provide well defined and safe
behavior even for unexpected virtual and physical contact. It is designed to
serve as a relief for both sides and provides a safe motion in complex environ-
ments, taking into account both proximity to objects, and external forces. The
method allows to command arbitrary velocity profiles to the robot and pro-
vides collision avoidance behavior at the same time. Even during circumven-
tion of obstacles the track speed can be commanded such that no unexpected
velocity or acceleration jumps occur.



Towards the robotic co-worker

Various human-friendly motion control methods were presented and analyzed.
These are independently useful tools for numerous applications as they open
up entirely new robot behaviors. However, due to their complex interrela-
tionship in this chapter it is discussed how to integrate the presented methods
into a more general hybrid state based control architecture. Even though the
focus is on robotic co-workers, the elaborated schemes are also applicable to
service robots. The implementation of such a sensor based robotic co-worker
that brings robots closer to humans in industrial settings and achieve close co-
operation is currently a challenging goal in robotics. Pioneering examples of
intimate collaboration between human and robot, whose origin can be found
in [195], are Intelligent Assist Devices (IADs), as the skill assist described in
[303]. In 1983 a method was proposed at DLR for allowing immediate “pro-
gramming by touch” of a robot through a force-torque-sensor-ball [120], see
Fig. 7.1 (left). Despite being a common vision in robotics the robotic co-worker
has not become reality yet, as there are various open questions still to be an-
swered. Apart from the control and safety aspects, the architectural level also
poses significant challenges.

In this chapter a solid architectural concept and a prototype realization of a
co-worker scenario are developed in order to demonstrate that state-of-the-art
technology is now mature enough to reach this aim. The ideas are supported
by addressing the industrially relevant bin-picking problem with the LWR-III,
which is equipped with a time-of-flight camera for object recognition and the
DLR 3D-Modeller for generating accurate environment models. The chapter
describes the application of the control schemes from Chapter 3 in combination
with robust computer vision algorithms, which leads to a reliable solution for
the chosen problem. Strategies are devised for safe interaction with the human
during task execution, state depending robot behavior, and the appropriate
mechanisms to realize robustness in partially unstructured environments. The
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Figure 7.1: The concept of sensor programming was developed at DLR in 1983 for teaching robot paths and
forces/torques simultaneously (left). The DLR Co-Worker consisting of the DLR Lightweight Robot III, the
DLR 3D-Modeller (DLR-3DMo), and a Time-of-Flight Camera (ToF-camera) (right).

theoretical basis as well as requirements regarding task execution and safe in-
teraction are elaborated which rely mainly on sensor based reaction strategies.
The concept requires flexibility of the system in terms of sensor integration and
programming. This flexibility is currently not available in the state-of-the-art
tirst generation industrial robots, designed mainly to position objects or tools
in six dimensions.

Therefore, for the new generation of industrial robot, a fundamental change in
concept is required to enable the implementation of the robotic co-worker. This
new approach is derived from the fusion of robots with innovative and robust
control schemes (“soft robotics” features) with exteroceptive sensing such as
3D vision modalities for safely perceiving the environment of the robot. To-
gether with additional sensing capabilities for surveillance such technology
will open entirely new application fields and manufacturing approaches. In
order to develop and evaluate the proposed concept, the DLR Co-Worker was
constructed as a demonstration platform, see Fig. 7.1 (right).

Complementary sensor fusion! plays a key role in achieving the desired per-
formance through the combination of complementary input information. As
demonstrated in [269] a prioritized and sequential use of vision and force sen-
sor based control leads to robust, fast, and efficient task completion using the
appropriate sensor information depending on the particular situation.

Presently, industrial robot applications require complete knowledge of the pro-
cess and environment. This approach is prone to errors due to model inaccura-
cies. The central approach is to use intelligent sensor-based reaction strategies
to overcome the weaknesses of purely model-based techniques. Thus, the sen-
sor noise and limited robot positioning accuracy can be overcome. The robot
task is described in high-level functions encapsulated in the states of hybrid
automata. The state transitions are based on the decisions made by using sen-

!Please note the difference of complementary from competitive sensor fusion.
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Figure 7.2: Proximity and task partition (left) and modalities for multi sensor human robot interaction in
the DLR Co-Worker (right).
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sor inputs. This enables the robot to react to “unexpected” events not foreseen
by the programmer. These events are induced by the human behavior, which
cannot be completely modeled analytically. Furthermore, the human is en-
couraged in the experiments to physically interact with the robot as a modal-
ity of “communication” with it to provide task-relevant information. This also
improves the fault tolerance functionality of the task since only absolute worst-
case contacts trigger a complete emergency stop in contrast to approaches for
current robots, where opening the fences leads to an immediate robot stop.

The presented concept for realizing the robotic co-worker is fundamentally
different from classical industrial ones. None of the components are supposed
to be intrinsically fail safe, but the appropriate combination of all components
makes the system more robust, safe, and reliable. Multiple sensor informa-
tion of the robot and external sensing is used for increasing the error tolerance
and fault recovery rate. Finally, the stage of a highly flexible state-based pro-
gramming concept for various applications is reached. The associated task
description allows for novel switching strategies between control modes, sen-
sory reaction strategies, and error handling.

This chapter is organized as follows. In Sec. 7.1 the general functional modes
required for a robotic co-worker are described. Then, the interaction concept is
outlined in Sec. 7.2, followed by the elaboration of the task description. Finally,
the developed concepts are applied to a robotic bin picking scenario with user
interaction as a case study in order to demonstrate their practical relevance
and implementation in Sec. 7.3.

7.1 Functional modes

Currently, industrial settings incorporate, in most cases, simple sequences of
tasks whose execution orders are static, sometimes allowing limited binary
branching. Fault tolerance during task execution is, apart from certain basic
counterexamples?, usually not an issue due to the well designed environment.

2Checking for a successful grasp is e.g. commonly used.
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Furthermore, human-robot interaction is not yet safely and effectively imple-
mented . Its legal foundations are to a large extent nonexistent at the current
stage. In industrial settings a fault immediately leads to a complete stop of
the manufacturing process, i.e. robust behavior in a (semi-)unstructured en-
vironment has not been addressed until now. In this thesis an integrated and
flexible approach is proposed to carry out the desired task in a robust yet ef-
ticient manner. This approach is able to distinguish between different fault
stages, which stop the entire process and lower the efficiency only in the abso-
lute worst case. Flexible jumps within execution steps are part of the concept
and do not require special treatment. In order to optimally combine human
and robot capabilities, the robot must be able to quickly adapt to the human
intention during task execution for both achieving safe interaction and high
productivity. Thus, the measured human state is the dominant transition be-
tween the proposed functional modes.

Estimating the human state is a broad topic of research and has been addressed
in recent work [158]. The focus is often on estimating the affective state of hu-
mans, which is however of secondary interest during an industrial process.
The more relevant information is the physical state that the human currently
occupies, and the estimation of the human attention, so that a clear set of suffi-
cient behaviors can be selected and activated. This leads to robust and reliable
overall performance. In order to keep the discussion focused, attention esti-
mation or gesture recognition is not considered and, instead, the focus is on
considering the human state.

Following selection of physical states were compiled to provide sufficient cov-
erage for cases relevant to the present study, see Fig. 7.2 (left).

* oP: out of perception
¢ iP: in perception
¢ iCM: in collaborative mode

¢ iHF: in human-friendly zone

oP denotes that the human is out of the perceptional ranges of the robot and
therefore not part of the running application. iP indicates that the human is
in the measurement range of the robot. Thus its presence has to be part of
the robot control. iCM and iHF indicate whether a collaborative or human-
friendly behavior must be ensured. Each physical state is subdivided, depend-
ing on the task. However, only when iCM = true should the collaborative
intention be taken into account: This leads to a complex physical interaction
task. In this chapter the “hand-over and receive” process is used as an exam-
ple, see Fig. 7.2 (right).

The human state is primarily used to switch between different functional modes
of the robot which in turn are associated with fault behaviors. As shown in
Fig. 7.3 it is distinguished between four major functional modes of the robot in
a co-worker scenario:
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Figure 7.3: Functional modes for the DLR Co-Worker.

1. Autonomous task execution: autonomous mode in human absence

2. Human-friendly behavior: autonomous mode in human presence

3. Co-Worker behavior: cooperation with human in the loop

4. Fault reaction behavior: safe fault behavior with and without human in the
loop

Their interrelationship and transition conditions provide high flexibility in the
application design. In the first functional mode the robot is autonomously
tulfilling its given task without considering the human presence. The task is
carried out under certain optimality criteria, such as cycle time, in order to
maximize the productivity. In the second and third modes, a concise partition
of the task space is needed which subdivides the given workspace of the robot
into regions of interaction. These incorporate the “hand-over” schemes as de-
scribed in Sec. 7.2.2 and “human-friendly” behavior, whose core elements are
reactive collision avoidance and self-collision avoidance schemes. In the third
mode interaction tasks are carried out. These tasks have to be specified or
generated for fulfilling a common desired goal, involving a synergy of human
and robot capabilities in an efficient manner. These two modes form an inte-
grated interaction concept, allowing seamless switching between each other.
The fourth mode defines the fault reaction behavior, addressing the appropri-
ate and safe state dependent fault reaction of the robot. It incorporates both
the robustness concepts during autonomous reaction, as well as human-safe
behavior. Since each mode possesses an underlying safety concept, it will be
described later in more detail.
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7.2 Interaction concept

In this section the developed interaction schemes are described. First, the pro-
posed task space partition is outlined, followed by the interaction layer. Then,
the different collision avoidance techniques from Chapter 6, as well as physi-
cal collision detection and reaction methods for safe pHRI from Chapter 3 are
grouped. Finally, the resulting safety architecture which structures the differ-
ent schemes is presented.

7.2.1 Proximity and task partition

In case humans are in close proximity to robots in current industrial instal-
lations, the robots reside inside safety cages in order to prevent any physical
contact and thus minimize the risk for humans. However, when humans and
robots collaborate, such a plant design is no longer an option. The human lo-
cation must be taken into account in the control scheme and in higher level
planning of the robot as an integral part of the system design. The previously
introduced physical human states have to be mapped into a topology as the
one shown in Fig. 7.2 (left), where the four distinctive classes are indicated.
They should be established with respect to the task and the robot workspace
for assessing whether the human does not have to be taken into account and
therefore the robot still behaves autonomously regardless of the iP state. In
case the human does not enter the robot workspace, it is not necessary to de-
grade the productivity of the robot. In this sense the functional mode of the
robot changes only if the human clearly enters the workspace of the robot (in-
dicated by the inner circle). If the human has entered the robot workspace a
distinction between human-friendly behavior (on the right side of the table in
Fig. 7.2 (left)) and the cooperative mode (and their respective submodes) is re-
quired (on the left side of the table in Fig. 7.2 (left)). If perception is lost while
iP = true, the robot assumes a severe error condition, stops and waits for fur-
ther instruction. If the presence of the human was not detected (a worst case
from a safety point of view) various safe control schemes ensure the safety of
the human during possible unforeseen collisions.

Defining these regions is part of the application design and definition phase.
Furthermore, switching zones are introduced, which are boundary volumina
of pre-defined thickness between task partitions (see Sec. 7.2.3 for details).

7.2.2 Interaction layer

Interaction between robot and human is a delicate task, which requires multi-
sensory information. Furthermore, robust as well as safe control schemes
are called for to enable intuitive behavior. The main physical collaboration
schemes are “joint manipulation” and “hand-over and receive”. “Parallel exe-
cution” may be part of a task, but usually without physical interaction. Some
work has been carried out on exchanging objects between human and robot
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Figure 7.4: Example for “hand-over” and “receive”. Underlined states incorporate explicit physical inter-
action.

based on reaching gestures [62]. In [55] the concept of interaction history was
used to achieve cooperative assembly.

Figure 7.2 (right) shows a “hand-over” and “receive”example with the DLR
Co-Worker. Its central component is the LWR-III with soft robotics features.
As a default its high-performance Cartesian and joint level impedance control
are used and it is only switched to other schemes, such as position control,
if necessary. Due to its internal joint torque sensors, the robot is well suited
for realizing various important features such as load loss detection and on-
line load identification without additional force sensing in the wrist. Collision
detection and reaction, depending on the potential physical severity of the im-
pact as well as on the current state of the robot and the application, are central
features used for detecting and isolating contacts of different intensity along
the entire robot structure. By being able to distinguish different contact types,
fault tolerant and situation suited behavior is possible.

Virtual walls are utilized for avoiding collisions with the environment. In
order to realize an effective reactive behavior, it is important to change the
stiffness, velocity, disturbance residuals (see Sec. 7.2.3), trajectory generators,
collision severity reaction strategies, and robot control parameters on the fly
within the lower level control cycles (here 1 ms), even during motion or state
execution. With the combination of exteroceptive sensing, capabilities of ob-
ject recognition, tool surveillance, and human proximity detection (shown in
Fig. 7.2 (right)), interaction processes such as the aforementioned “hand-over”
and “receive” can be achieved, see Fig. 7.4. “Receiving” or “handing-over” the
object is simply triggered by touching the robot at any location along its struc-
ture or by using the proximity information from the exteroceptive sensors.
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Figure 7.5: Residual fusion for integrated trajectory scaling. ¥; is a normalization function and f; a sig-
moid function for time scaling, [102, 87].

7.2.3 Absolute task preserving reaction

In this thesis following control points/structure pairs are used (for detailed
explanations see Chapter 7):

1. R1: Human-scenario proximity

R2: Human-TCP proximity

R3: Human-switching zones proximity
R4: TCP-table proximity

R5: TCP-hang-in proximity

AN

Ré6: Elbow-workspace proximity

These proximity pairs were chosen due to their importance to the implemen-
tation presented later. The first three (R1-R3) are used for generating resid-
uals for trajectory scaling, while the last three signals (R4-R6) are used for
calculating virtual forces acting on an additional torque control input. R1 is
taking into account the distance of the human to the robot workspace. The
distance between human and robot tool center point (TCP) is important due
to the fact that gripper and grasped objects are often characterized by sharp
edges. Human-switching zones are boundary surfaces that separate different
task workspaces and the related robot behavior depending on the human po-
sition. Since in the vicinity of the switching surfaces human behavior is not
necessarily unambiguously classifiable, it is of large benefit to use this infor-
mation (R3) as a possible residual. R4-R6 are chosen for showcasing collision
avoidance during Cartesian impedance control and torque control with grav-
ity compensation. They can be used to prevent the TCP from colliding with
the table or the elbow with other objects in the environment without altering
the desired motion path.

While the robot is in human-friendly mode, its intention is to fulfill the de-
sired task efficiently, despite human presence. In order to accomplish this, it
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is necessary to equip the robot with reactive motion generators that take into
account the human proximity and prevent collisions if possible without ineffi-
cient task abortion.

Trajectory scaling preserves the original motion path and at the same time pro-
vides compliant behavior by influencing the time generator of the desired tra-
jectory, see Chapter 3.4.2. In this approach physical contact residuals such as
the estimated external joint torque or the external contact wrench are used,
together with proximity based residual signals such as the human-robot prox-
imity, the human-switching zones proximity, and the human-workspace prox-
imity. The usefulness of the approach becomes apparent when considering
cases where humans are moving close to switching zones. If the robot would
simply use binary switching information about the current state of the human,
undesired oscillating behavior would occur due to the imprecise motions and
decisions of the human. By using the human proximity to this border as a
residual the robot always slows down and stops until the human clearly de-
cides his next action. This way, the user receives elaborate visual feedback,
indicating that the robot is aware of his presence and waits for further action.

The fusion of the different residuals is shown in Fig. 7.5 for several aforemen-
tioned signals. This concept allows to bring quantities of different physical
interpretation together and use them in a unified way for trajectory scaling.
Each residual is normalized® and then nonlinearly shaped to be an intuitive
time scaling factor. Depending on the current state, the user can choose suit-
able residuals accordingly during application design.

7.2.4 Task relaxing reaction

Apart form task preserving reaction as described in the previous subsection,
reactive real-time reaction with task relaxation is an important element for
dealing with dynamic environments as well. For this the method introduced
in Chapter 6 is used.

7.2.5 Dealing with physical collisions

The approaches introduced and derived in Chapter 3 provide the possibility
to divide the impact severity into several classes, using a disturbance observer.
This method for detecting contacts is also able to give an accurate estimation of
the external joint torques T, which in turn can be used to classify collisions
with the environment according to their “severity level”. This allows to re-
act differently to particular collision severity stages, leading to a collision severity
based behavior. Apart from this nominal contact detection, the developed algo-
rithms are also able to detect malfunctions of the joint torque sensors, based
on model inconsistencies interpreted as a collision.

*Please note that an appropriate handling is referred to as e.g. projecting external forces to
the velocity direction of the robot or similar transformations.
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Figure 7.6: Safety architecture of the DLR Co-Worker. Only the first two stages are user specific.

7.2.6 Safety architecture

Apart from gaining insights into the mechanisms behind safe pHRI and iso-
lated tools, it is critical to determine how to apply the knowledge and method-
ologies in a consistent manner. Schemes to utilize these features appropriately
were developed in order to maximize task performance under the constraint
of achieving sufficient human-friendly behavior, see Fig. 7.6. Each feature is
shown at the according hierarchical level where it is introduced and made
available in the respective layer of the process.

Figure 7.7 outlines how the fault management and emergency components
are embedded as underlying components for each task. Every task has cer-
tain low-severity-fault tolerant components to make it robust against external
disturbances in general and prevent unnecessary task abortion. Each of them
activates their distinct safety set S; which is compatible with a particular goal,
see Fig. 7.9 for details.

Figure 7.8 shows an example of an unexpected collision between a worker and
a human (O, leading to a collision in layer FT L1. The robot switches to a
compliant behavior 2) after the collision is detected (CD). Due to the colli-
sion reaction (CR), the robot can be freely moved in space. This could lead to
secondary collisions with the environment. Therefore, nonlinear virtual walls
were designed (Fig. 7.2 (left)) to prevent physical collisions of the robot and
secure the sensitive parts as the ToF-camera and the 3DMo. Moreover, the hu-
man can simply grab the robot anywhere along the structure and hang it like a
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Figure 7.7: Safety background of the DLR Co-Worker.

Figure 7.8: Safe physical human-robot interaction. Detecting and recovering from a collision in FT L1. It
was assumed that the human was not perceived to have entered the workspace.
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Figure 7.9: Safe reaction to a collision in FT L1 under the assumption that the human was not perceived
to have entered the workspace. A simple and convenient behavior is triggered, which can be realized by
intuitive use of well designed state dependent control scheme selection.

tool into a predefined arbitrarily shaped virtual potential trap* (HI) 3), which
smoothly drags it in and keeps it trapped. The human can then complete his
task, @, while the robot waits (WT) for further action. After completion is con-
tirmed (CF) in (5 the robot continues (6) with the interrupted task (GO). If no
confirmation arrives, the robot stays in its constrained passive behavior until
either a confirmation for continuation occurs, or a human dragged him out of
the hang-in field. Figure 7.9 shows how such behavior is triggered in a hybrid
automaton and displays the safety sets involved in this process.

7.3 Interactive bin picking

In this section the focus is on describing solutions for an industrially rele-
vant autonomous task, which combines computer vision techniques with soft-
robotics features. Furthermore, it should be embedded into an interaction sce-
nario with the human. To demonstrate the performance of the system during
autonomous task execution, the classical bin picking problem is addressed,
which is a classical benchmark since the mid-1980s. However, such problems
have remained difficult to be solved effectively. This is confirmed in different
literature, as exemplified below:

“Even though an abundance of approaches has been presented a
cost-effective standard solution has not been established yet.”

*A current implementation generates an attractive region associated with a vertical virtual
force. The human may now “hang-in” the freely movable robot into this “virtual trap”. While
being trapped by this potential the robot is free to move in horizontal direction but is relatively
firmly confined in vertical direction. If a human pushes or pulls on the robot such that a certain
“confirmation force” is detected this signal is used as volitional confirmation to re-enter the
previously aborted process.
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Figure 7.10: Generated 3D model from a series of sweep scans over the filled bin.

Handbook of Robotics 2008 [258]

In this thesis environmental modeling, robust and fast object recognition, as
well as quick and robust grasping strategies are combined in order to solve the
given task. The setup depicted in Fig. 7.1 (right) serves as the demonstration
platform. Itis further used for realizing a scenario where the human assembles
parts which are supplied by the robot and, after a “hand over” and “receive”
cycle, sorted into a depot by the robot, see Fig. 7.15. This fully sensor-based
concept is entirely embedded in the proposed safe interaction framework. The
intention of this application is to augment human capabilities with the assis-
tance of the robot and achieve seamless cooperation between each other.

7.3.1 Vision concept

The LWR-IIT is equipped with two exteroceptive sensors: the DLR 3D-Modeller
and a time-of-flight camera so that their complementary features can be used
within this scenario.

DLR 3D-Modeller

System: The DLR-3DMo is a multi-purpose vision platform [273], which is
equipped with two digital cameras, a miniaturized rotating laser scanner and
two line laser modules, see Fig. 7.1 (right). The DLR-3DMo implements three
range sensing techniques:

1. laser-range scanning [85]
2. laser-stripe profiling [270]

3. stereo vision
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Figure 7.11: Amplitude and depth data from view into the bin (left) showing large signal noise (right).

These techniques are applicable to a number of vision tasks, such as the gen-
eration of photo realistic 3D models, object tracking, collision detection, and
autonomous exploration [272].

Implementation: The laser-range scanner used for determining obstacles and
free regions, provides range data coupled with a confidence value. The pro-
posed application employs the rotating laser range scanner for two tasks. First,
the wide scan angle of 270 degrees enables nearly complete surveillance of
the working range around the gripper. Secondly, the measured distance data
provides information about occupation of the space between the jaws of the
gripper and indicates whether a target object is located there.

The laser-stripe profiler is used for modeling the environment and can be used
for the localization of the bin or accurate modeling of the entire workcell, c.f
Fig. 7.10. The shown model was generated with a series of sweep motions
of the LWR-III across the scenario. The main purpose of the laser-stripe pro-
filer is to acquire accurate data for model generation, in contrast to the safety
functionality of the laser-range scanner.

Time-of-flight camera

System: The ToF camera Swissranger SR 3000, mounted on the robot, has a res-
olution of 176 x 144 pixels. An important feature of this device, is the ability to
capture 24D depth images at ~ 25 Hz. Unlike stereo sensors, ToF-cameras can
measure untextured surfaces because the measurement principle does not de-
pend on corresponding features. Furthermore, due to the active illumination,
ToF-cameras are robust against ambient illumination changes. These proper-
ties enable the recently established use in the robotics domain for tracking,
object detection, pose estimation, and collision avoidance. Nonetheless, the
performance of distance measurements with ToF-cameras is still limited by a
number of systematic and non-systematic error sources, which would turn out
to be challenges for further processing.

Figure 7.11 highlights the non-systematic errors such as noise, artifacts from
moving objects, and distorted shapes due to multiple reflections. While noise
can be handled by appropriate filtering, the other errors mentioned here are
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system inherent. The systematic distance-related error can be corrected by a
calibration step down to 3 mm, see [74].
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Figure 7.12: Multi-stage tracking architecture based on [254].

Implementation: Generally, the high sampling rate of the ToF-camera guaran-
tees fast object localization and robust object tracking performance based on
a three staged tracking architecture, see Figure 7.12. In each stage a differ-
ent algorithm processes an incoming depth image to provide a list of pose
hypotheses for the potential object, which is additionally tagged with a confi-
dence value. The stages are continously monitored and executed according to
suitable termination criteria or reentered for refinement.

The first stage is a global search, consisting of edge filtering and a Hough trans-
formation for identifying lines as initial hypotheses for the tube location. In
the second stage these hypotheses are locally consolidated and clustered by a
particle filter. Third, an Iterative Closest Point algorithm (ICP) provides an ac-
curate pose estimation of the target object at a frame rate of ~ 25 Hz. Both ICP,
and particle filter directly process 3D data, and a 3D model of the target. The
3D model is represented by a point set with corresponding normals. This can
be either generated from CAD models or surface reconstruction. The object
target can be localized and tracked with an accuracy of ~ 7 mm.

7.3.2 Soft robotics control for grasping

The soft-robotics features of the LWR-III greatly provide powerful tools to re-
alize such a complex task as bin picking. Cartesian impedance control [15] is
used as a key element for robust grasping despite the aforementioned recogni-
tion uncertainties. The impedance behavior of the robot is adjusted according
to the current situation in order to achieve maximal robustness. Furthermore,
the previously introduced strategies for fault detection are used to recognize
grasp failures or unexpected collisions with the environment based on force
estimation. In addition there are virtual walls preventing collisions with the
static environment. The robustness of grasping against errors in object local-
ization and errors in positioning due to the used impedance control is of great



180 CHAPTER 7. TOWARDS THE ROBOTIC CO-WORKER

Az =0

Figure 7.13: Compliant grasping strategy.

BD

Bin Picking

GoTo NewVie

FOART
Approach Go h
Go To Gras%

RT

Sort In

Identify Objec

RT = Reached target

BD = Bin Detected

BE = Bin empty

NF = Nothing found

FO = Found object

OL = Object recognition lost
S| = Sorted in

IG = Impossible grasp
GD = Object grasped
OL = Object lost

Figure 7.14: Automaton for autonomous bin picking.

importance for this application. The grasping strategy shown in Fig. 7.13 suc-
cessfully copes with possible translational deviations in the range of 55 mm
before the grasp fails. Due to the compliant behavior of the robot the gripper-
object and object-ground friction, the object is rotated into a firm grasp. The
last image shows a case expected to be a failure. However, due to the rota-
tional stiffness implemented along the axis perpendicular to the image plane
grasping can still be achieved.

7.3.3 Autonomous task execution

Figure 7.14 depicts the autonomous bin picking task automaton, which merges
the presented concepts into a high-level task description. The application is
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comprised of object recognition, grasping, and sort-in phases®. If the bin is
depleted, the robot waits for further supply. Fault tolerant behavior is realized
by introducing various branching possibilities for each state execution. In case
of a failure, the robot recovers by monitoring conditions like object recognition
dropouts, load losses, or impossibility of grasps.

7.3.4 Evaluation of grasping success

The efficiency and robustness of the approach was tested in a series of au-
tonomous trials. For this evaluation the bin (Fig. 7.10) was replenished after
each successful grasp in order to have a filled bin and independent trials. On
average, the robot needed 6.4 s for one grasping process, which comprises of
object detection from an arbitrary viewing position, approaching and grasp-
ing, unbagging, and moving back to the initial viewing position. The robot
was able to grasp an object in every cycle for 80 trials. The overall cycle suc-
cess rate of 100 % was achieved. This result was only achievable due to the
fault tolerance capabilities of the system along the entire process, such as the
detection of a physical impossibility of a planned grasp, of the non-successful
grasp (overall 3 times), losing an object in tracking, or localization without
finding any result of requested quality. The last fault mainly only occurred
when the searched objects were partially in the field of view, so that the robot
had to move to a new view position. All of these failure modes where detected
or realized by the system and induced a restart of the grasping process. Conse-
quently, the number of average views to recognize an object was Nyiew, = 2.2.

7.3.5 Extension to interactive bin-picking

Figure 7.15 describes the concept for an interactive bin-picking scenario, merg-
ing interaction features and the autonomy capabilities of the robot. The initial
entrance into the scene by the human is not shown, but is part of the demon-
strator, i.e. it is assumed that the human has entered the scene, the “way into
interaction” is completed, and the human is part of the process. @ shows
the view into the bin and the corresponding object recognition (OR). Then, the
robot grasps an object out of the bin (2) and identifies it according to its weight,
followed by a motion towards the human (GH) in (3. The “hand over” (4 then
takes place, after which the robot waits (WT) for the human to complete his
process (5). As soon as the human has finished, the robot receives the object in
a visual servo loop (VS) in 6. The classified object is sorted into (SI) one of the
trays (7) and the robot goes back to (D. (® and (© show how human-friendly
(HF) behavior is an integrated part of the co-worker design even in the pres-
ence of multiple humans. In (8 and (9) the tool surveillance and the physical
contact during task execution are shown, respectively.

>The initial view and sort-in frames are taught in torque control mode with gravity compen-
sation. This enables the user to freely move the robot to a desired configuration and save the
pose in the application session.
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Figure 7.15: Interactive bin picking.
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In summary, the system described here presents a versatile and robust solu-
tion with standard components for achieving safe and effective human-robot
collaboration and a solution for the bin picking problem. Various explicitely
non-trained test subjects were able to intuitively use the system.

Recently, the proposed concepts were integrated into a new human-friendly
control architecture for the LWR-III. Its basic structure is depicted in Fig. 7.16
and shows the four central entities for robot control:

1. Task control unit (TCU)
2. Robot control unit (RCU)

(a) Safety control unit (SCU)
(b) Motion control unit (MCU)

The TCU is the general state based control entity for gathering non-real-time
data and provides the correct nominal behavior changes on an abstract level to
the RCU. The RCU runs in hard real-time and assigns control, motion genera-
tion, and safety methods. The SCU serves as an underlying safety layer within
the RCU that combines all low level safety behaviors and activates them con-
sistently. The MCU manages the correct switching and activation of motion
generators and controllers.

This novel concept enabled various applications requiring to a large extent
pHRI as e.g. the first continuously brain controlled robot [289].

7.4 Summary

In this chapter a general concept for the robotic co-worker was proposed and a
prototype demonstration based on commercially available technology, namely
an LWR-III, ToF camera, electro-mechanical gripper, and passive tracking sys-
tem was developed for validation. An integrated solution was outlined for
combining soft-robotics schemes with multi-sensor vision schemes. Flexible
hybrid automata can robustly and safely control the modalities of the co-worker
in a partially known environment and especially handle the complexity as well
as the necessary branching factor during the execution of the tasks. Based on
the results in safe physical Human Robot Interaction elaborated in this the-
sis, effective combination of various control and motion schemes with vision
sensing capabilities for the robot was achieved. This effectively accomplishes
the task in a manner which is safe for the human. Furthermore, exteroceptive
sensing is used in combination with compliance control for implementing in-
dustrially relevant autonomous tasks. The fusion of these concepts leads to
high fault tolerance, proven by the results of the presented bin picking appli-
cation. The use of multi-sensor information enabled to combine the proposed
interaction and robust autonomy concepts needed for the robotic co-worker.
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realtime

Figure 7.16: Overview of the LWR-III architecture for human-friendly behavior.



Competitive Robotics

The thesis dealt to a large extent with currently open problems, which are
important for both robotics industry and standardization organizations. In
the present chapter topics are discussed, which are relevant in the more distant
future while at the same time being tightly interrelated with a very recent topic
of robotics research:

(variable) intrinsic joint elasticity

However, this is only one aspect among many others in the context of what is
called Competitive Robotics.

Competitive Robotics deals with human-robot games that involve intentional
physical contact of human and robot being opponents.

The most prominent example of Competitive Robotics is the RoboCup [149]
with the goal: winning against the human world soccer champion team by
the year 2050. This implies real tackles and fouls between humans and robots,
raising safety concerns for the robots and even more important for the human
players, similar to the questions that were already discussed in the context of
physical human-robot interaction (pHRI).

The first contribution of this chapter is to shed light on the pHRI aspects of
such a hypothetical human-robot match. Therefore, two matches from the
(2006) FIFA World Cup in Germany are used as examples and are analyzed
with respect to scenes with physical interaction. These interactions are related
to results in pHRI and sports science by speculating what would have hap-
pened if one of the opponents was a robot. The most important finding is that
elastic joints are needed to reduce the impact joint torques during collisions.
The second part of the analysis focuses on the robot robustness and safety.

185
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How can it withstand the impact of kicking the ball or even fouls? And finally,
it is discussed how joint elasticity can be used to achieve the kick velocity of
human soccer players. The discussion includes experiments with traditional
robots with little elasticity, experiments using a joint with large elasticity, and
theoretical result on optimal control of an elastic joint.

Overall, this chapter analyzes the possibilities of a future vision. However, all
the conclusions are based on actual simulations, experiments, derivations, or
findings from sports science, forensics, and pHRI. Furthermore, this chapter
lays the groundwork for numerous findings about variable stiffness actuation,
extensively discussed in Chapter 9.

The RoboCup 2050 challenge Soon after establishing the RoboCup competi-
tion in 1997, the RoboCup Federation proclaimed an ambitious long term goal,
see Fig. 8.1.

“By mid-21st century, a team of fully autonomous humanoid robot
soccer players shall win the soccer game, comply with the official
rule of the FIFA, against the winner of the most recent World Cup.”

H. Kitano and M. Asada [149]

Soccer is a contact sport and injuries of players are frequent [169]. The FIFA
rules state explicitly, that

“Football is a competitive sport and physical contact between play-
ers is a normal and acceptable part of the game. [...]”

Laws of the game, 2006 [69]

A soccer match between humans and robots implies physical human-robot
interaction including tackles and fouls between the participants. In order to
come closer to that vision, an evaluation of the fundamental requirements and
challenges the human presence would bring into such a match is crucial and
remains an open issue. This not only makes sense from the perspective of
ensuring human safety but also of defining requirements a robot has to fulfill
in order to withstand the enormous strains posed by such a real soccer match.
These problems can only be approached and tackled by treating the robotic
and biomechanical aspects as complementary.

In the domains of industrial assistance and service robotics, robots are and will
be designed to cause absolutely no harm to any human. Presumably, such a
robot could never win a sports game. However, it is demand that a human-
robot match should not be more dangerous than a regular soccer match.

“A competitive robot may not be more dangerous than a human
being.”
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Figure 8.1: The RoboCup 2050 Challenge.

Hence, it is focused on situations, where a robot is expected to potentially
cause more injury than a human player.

This chapter is organized as follows. Section 8.1 is a short primer for Com-
petitive Robotics. Section 8.2 discusses the safety of humans in the context
of human-robot soccer and analyzes potentially dangerous situations. Sec-
tion 8.3 investigates how to protect robot joints from external loads, leading
to the necessity of introducing joint compliance for protection. This intrinsic
compliance is useful for increasing velocity performance with appropriately
designed trajectories, which lead to efficient elastic energy storage and release.
The details are discussed in Sec. 8.4.

8.1 Primer

In this chapter it is focused on the benefit of elastic joints for safety and kick-
ing performance. Nevertheless, in a soccer scenario this would also imply to
walk and run with these joints. So the state of the art in this field is briefly
reviewed. Since numerous conclusions made throughout this chapter are in-
terlinked with Variable Impedance Actuation (VIA) also a brief overview on
the concept is given. Furthermore, a short comment is made on the dynamic
models used for kicking analysis in some of the presented simulations.

Compliance for walking and running Current large and medium scale an-
thropometric humanoids as H6, H7 [203], P2 [117], ASIMO [118], JOHNNIE,
LOLA [176], WABIAN-2 [211], KHR-2 [146], HRP, HRP-2 [140], and SAIKA
[257] represent major achievements over the last years. In these systems, loco-
motion is mostly realized with stiff actuation in combination with rigid high
geared transmission mechanisms. Due to the lack of an appropriate storage
mechanism, the entire energy is lost during decelerating while walking and
running and has to be continuously injected by active actuation. The same
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Figure 8.2: 1-DoF model of a VIA joint.

holds for the robots in the RoboCup domain, where usually no deliberately
introduced compliance is used.

However, some realizations already exist, which successfully used intrinsically
compliant joint designs for biped walking. In WL-14 [304, 305], a sophisticated
nonlinear spring mechanism was used for stiffness adjustment. More recently
in Lucy [286], a biped that is able to walk in the sagittal plane, approaches were
made to utilize adjustable passive compliance for high energy efficiency dur-
ing walking. The robot Flame [122] uses constant compliance (Series Elastic
Actuation) in the hip, knee, and ankle pitch joint. HRP-2LR [136] is equipped
with a compliant toe in both feet having a constant rotational spring. The au-
thors predicted via simulation a running speed of 3 km/h with this device
compared to 0.58 km/h achieved with HRP-2LT that has no such compliant
toes. The authors already demonstrated hopping with both feet.

Apart from these first realizations in the field of biped walking, there is clear
evidence in biomechanics that intrinsically compliant actuation is critical to
terrestrial locomotion [201]. So to summarize, running with elastic joints seems
to be difficult but possible and probably of long-term benefit.

Variable impedance actuation The principle of Variable Stiffness Actuation
is truly human-inspired in the sense that it intends to approach the impedance
adjustment capabilities of the human musculoskeletal system. In humans all
muscles work in pairs, namely the agonist and the antagonist. Since human
muscles are only able to pull via contracting this arrangement is needed for
moving in both directions (one muscle pulling). A contraction of both muscles
at the same time changes the joint stiffness due to the nonlinear elastic proper-
ties of the tendon-muscle complex (If both pull asymmetric a combination of
motion and stiffness change is achieved). A well known example for such a
muscle pair is the biceps brachii and the triceps brachii. There are numerous
concepts for transferring this design idea to robotic actuation. However, they
show the characteristic of an intrinsically variable impedance element between
actuator and link, see Fig 8.2. The elastic joint torque 7 (¢, 01, 02) between mo-
tor and link is in general a function of the elastic deflection ¢ = 6 — g as well as
of the stiffness and damper actuation variables o1, o5. This model can be seen
as the extension of the flexible joint model introduced in Chapter 3. A major
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difference is that the deflection can no longer be considered as small. Passive
deflection may occur in considerable ranges of the joint space.

A simulation model for a humanoid soccer robot leg Simulated and real
experiments in this chapter primarily refer to the LWR-III and the DLR VS-
Joint, a prototype developed for the new intrinsically compliant DLR hand-
arm system [82, 10], see Chapter 9. This joint is a representative of intrinsically
compliant devices and all major conclusions made in this chapter related to
joint elasticity are of general character. Although the LWR-III is designed as
an arm, it has inertial and geometric properties comparable to a human leg

<%e;m ~ 1.2) [42, 105]. So it is used as a “model” for the leg of a future

humanoid soccer robot throughout this chapter, while not claiming that the de-
sign is feasible for a leg in general. DLR has recently developed a biped [217]
based on the LWR-III technology. With 130 deg/s, its maximum joint veloc-
ity is still much lower than that of a human soccer player at 1375 deg/s [205].
Hence in simulations a hypothetical, faster LWR-III as a model is often consid-
erd.

8.2 Safety of the human

This section is concerned with typical physical interaction in soccer. It mainly
covers fouls in human soccer after a short overview of collisions in robot soc-
cer. These are classified into different categories and discussed from a pHRI
perspective. Afterwards, a simulation and experimental analysis of impacts is
presented. In particular elbow checks as a major injury source are considered.

8.2.1 Physical interaction in humanoid robot soccer

Most RoboCup Soccer leagues, including the Humanoid League, already base
their rules roughly on the official FIFA laws of the game. Thus, physical inter-
action and fouls are specified together with the resulting consequences [159].
However, the level of detail is much lower than in the original rules, which
even include Additional Instructions and Guidelines for Referees [69] to distin-
guish types of physical interaction explicitly.

Even with 20 degrees of freedom, current humanoid soccer robots are not
able to perform sophisticated movements comparable to humans. Thus, the
RoboCup Humanoid league only differentiates between having physical con-
tact (independent of the involved body parts) or not. In general, physical con-
tact is allowed but should be minimized. Prolonged contact must be avoided
and leads to an intervention of the referee. The rules of other robot soccer
leagues are similar, but might specify different periods and intensities of con-
tact.

This indifference between the kinds of contacts becomes obvious when ex-
amining matches in the Humanoid Kid-Size league, especially the 2008 final
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Figure 8.3: Typical tripping scenes: a, b) A player slides to the ball and touches his opponent’s legs (T2,T1).
¢) A player trips his opponent up (T3).

between Nimbro and Team Osaka. Within this eventful 3 vs. 3 match, many
physical interactions occurred. In contrast to the variety of interactions in hu-
man soccer, which are described in the following section, only one reoccurring
pattern can be observed: robots have contact, lose their balance, and fall over.
The intensity of the impact with the floor is disproportionately higher than any
contact with any robot trunk or limb.

Due to the crudeness of the current state of the art different kinds of physical
interactions (active or passive) to prevent damages have not been addressed
in the RoboCup community so far.

8.2.2 Physical interaction in human soccer

In this subsection, possible physical interaction occurring in soccer are sepa-
rated into different classes and discuss their injury potential for the human
and the robot. A set of scenes from the 2006 FIFA world championship serve
as examples. The final (Italy vs. France) as well as one of the most physical®
matches of the tournament (Portugal vs. the Netherlands) were chosen for
the analysis. Table 8.1 and Tab 8.2 show the analyzed and classified scenes
and which players were involved. To investigate possible injury mechanisms,
frequently involved body parts must be identified. According to [181], adult
soccer injury spreads almost over the whole body, but especially concerns the
limbs (arm 15 %, hand 9 %, ankle 32 %, and knee 26 %), the back (5 %), and
the head (11 %), whereas the rest of the torso seems to be in less danger. In-
jury causes were analyzed in [150], indicating that collisions with opponents
(22.4 %) or the ball (20.3 %), incidents while being in motion (17.1 %) or after
falling down (8.2 %) are most frequent. In this chapter, these dominant injury
sources and mechanisms are focused on.

8.2.3 Tripping and getting tripped up

Tripping at high speed over the opponent’s legs has a relatively high injury
potential and is a commonly observed action. It is not necessarily an intended

116 yellow cards (including four second cautions) denoted the maximum value of the entire
tournament.
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Scene  Time Description Figure
T5 04:22 Zambrotta hits Vieira’s supporting leg and Vieira falls badly (yellow card)

12 00:35 Cannavaro and Henry collide with their trunks, Henry falls. 8.4a
13 34:03 Materazzi moves forward, Ribery backward, both collide.

14 65:23 Ribery and Grosso jump, Grosso lands on Ribery’s back.

I5 71:39 Camoranesi is running and gets blocked by standing Abidal, Camoranesi falls.

16 79:04 Cannavaro and Zidane jump. Cannavaro jumps higher and drags Zidane to the ground.

17 E01:13  Makelele and Gattuso jump. Makelele jumps higher and lands on Gattuso’s back. 84b
I8 E04:16  Gattuso rushes into Malouda while approaching the ball.

L7 10:47 Sagnol runs into Grosso, their knees collide (yellow card). 85b
L8 31:53 Ribery steps on Zambrotta’s ankle joint.

L9 72:03 Toni kicks the ball in a 180° rotation and hits Thuram’s knee with his shin.

L10 E04:16  Malouda hits Gattuso’s face with his lower arm.

P3 35:07 Thuram and Toni run with entangled arms.

P4 45:10 Zidane pushes Gattuso.

P5 74:57 Malouda jumps to head the ball and gets pushed by Zambrotta.

P6 E02:17 Malouda and Cannavaro run parallel and push each other. In the end, both fall.

Table 8.2: Scenes of the FIFA World Cup 2006 for the match Portugal vs. Netherlands.
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Figure 8.4: Trunk impacts: a) Two players run into each other (I12). b) During a header, two players collide.
Afterwards, one of them falls upon his opponent (17).

foul, but can be a legal tackle which aims at the ball. Roughly, tripping some-
one up in soccer can be divided into three categories:

* Hitting the opponent’s feet intentionally by a sliding tackle (Fig. 8.3a, b?;
T1, T2).

¢ Hitting the opponent’s feet or legs unintentionally while chasing the ball
(Fig. 8.3¢c; T3, T4).

* Directly attacking the opponent’s legs (T5) without any chance of play-
ing the ball.

This kind of interaction usually causes two mechanisms of injury: fractures
of lower and upper extremities, ankle or knee injuries by direct contact [181],
and indirect ones from resulting tumble. Soft covering of the robotic leg can
decrease this injury potential dramatically and protects the robot structure.
Because tripping can be sudden with little time to actively react, an overall
compliant covering of the robot may be required. This is because the robot
could fall in a more or less arbitrary direction with an undefined impacting
zone. Passive compliance in the joints appears to be an effective countermea-
sure to intrinsically decouple impacting masses and decrease potential danger.

A necessary action the robot has to perform is minimizing impact forces on
its body similar to humans by preshaping its limbs. This prevents singular
configurations during tackling and therefore protects both human and robot.

8.2.4 Trunk and head impacts
Trunk and head impacts occur frequently and they are usually caused by

¢ Two players colliding while running towards each other (Fig. 8.4a; 12, I3,
18)

* One player body-checking the other player (I5, I8)

?To avoid any copyright conflicts, the most significant situations are sketched.
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Figure 8.5: Different situations of limb impacts: a) A high foot hits the opponent’s chest instead of the ball
(L3). b) Two players collide and hit each other’s knee (L7). ¢) A player pushes his elbow into a chasing
opponent’s face (L4).

* Two players jumping back to back at each other when fighting for a
header (Fig. 8.4b; I1, 16, 17)

® One player falling on the other one who is lying on the ground (14, 17)

This particularly limits the robot’s weight as kinetic energy is an indirect in-
dicator of head injury according to [199, 255]. Therefore, the robot’s weight
has to be similar to the professional soccer players. This was also stated by
Burkhard et al.: “The robots should have heights and weights comparable to
the human ones (at least for safety reasons) [...]” [38]. According to [59], the
average weight of the FIFA Worldcup 2002 participants was 75.91 4 6.38 kg. For
much higher robot masses, the situation of a human clamped on the ground by
a robot that outweighs him, poses significant danger to the limbs, chest, and
other body parts. The weight of current humanoids, such as ASIMO (54 kg),
HRP-2/3 (58/65 kg), WABIAN (64.5 kg) or HUBO (57 kg) is generally less than
the ones of an average soccer player but all of them are smaller.

Apart from limiting the robot weight, its body surface should be padded to
avoid human injuries from sharp edges, resulting in fractions, lacerations or
cuts which already occur during blunt impacts [181]. The spinal column and
facial bones are very sensitive parts of the human body, having relatively
low fracture forces [183], which necessitate compliant properties of the robot’s
back, see Fig. 8.4b. Nevertheless, one should keep in mind that headers re-
quire a hard contact surface to accelerate the ball fast enough and therefore
use a thinner coating for the head. Hard, elastic materials such as rubber,
polyurethane or silicone are some possible choice for the coating. Further as-
pects concerning weight and height are discussed in Sec. 8.2.8.

8.2.5 Limb impacts

Dangerous impacts caused by limbs, i.e. colliding legs or arms with the oppo-
nent’s body can be roughly divided into

¢ Elbow checks (intended or unintended) to the other’s face (Fig. 8.5¢; L4,
L10)
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Figure 8.6: a) A striker tries to reach the ball and slides into the sitting goalkeeper (L5). b) A typical
situation with two players pushing each other while chasing the ball (P2).

¢ A player sliding into or stepping on another player who is on the ground
(Fig.8.6a; L5, L6)

* A leg hitting the opponent’s trunk (Fig. 8.5a; L3)

¢ Legs or feet of two players colliding (Fig. 8.5b; L1, L2, L7, L8, L9)

The first class of impacts can be reduced to subhuman injury level by padding
the robot’s elbow. The other ones are caused by the boot which is the same for
robots and humans. The enormous velocity of the kicking foot (see Sec. 8.4.2)
can be fatal, so the robot must detect the absence of the human head absolutely
reliably in order to protect it.

Impacts with parts of the goalkeeper other than the head are not clearly sep-
arable from the third injury source, where passive compliance in the joints is
crucial to decouple the impact area from the rest of the robot®. This protects
both, the human and the robot from being injured /damaged. In other words,
passive joint compliance enhances safety for both, the human and the robot.
This mechanism has limitations as well: in an outstretched singular configura-
tion, joint compliance has no effect and the Cartesian reflected inertia is vastly
increased. As for humans, this configuration has to be avoided during such an
impact under any circumstances to prevent both parties from damage.

8.2.6 Being hit by the ball

Being hit by a fast moving soccer ball can be a painful experience. In order to
analyze such an impact, a one-dimensional simulation was carried out. The
human head is modeled as a simple mass and the ball as a mass-spring sys-
tem?, justified by high-speed camera recordings, see Fig. 8.7a. Injury severity
is expressed by HIC, following the extended Prasad/Mertz curves® for the

*Please note that it is not referred to the immediate impact but the following contact dynam-
ics, where the joint stiffness plays an important role indeed.

*Because no adequate damping models are available, this effect is neglected.

>There exist various mappings to injury probability and interpretations of the HIC leading
to different numerical values. However, one of them is used to show its extreme velocity depen-
dency.
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Head Injury Criterion HIC36(dp)
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Figure 8.7: a) Hitting a Hybrid IIl dummy with a soccer ball. The impact is almost fully defined by the
properties of the ball. The elasticity of the head can be neglected. Courtesy of the German Automobile Club
(ADAC). b) The HIC as a function of impact velocity and resulting probability of serious (ALS = 3) injury.

conversion to probability of injury. In Figure 8.7b, the resulting Head Injury
Criterion is plotted against impact velocity, and the probability of serious in-
jury for different impact velocities is indicated. It shows that kicks, carried
out by humans do not pose a serious threat, whereas increasing ball speed
by only 50% would be already significantly more dangerous. These observa-
tions strongly suggest avoiding an approach to counterbalance lack of robot
intelligence by simple power, i.e. no "brute force” solution in robot-soccer. In
addition to the potential threat posed to human heads by faster impacts, the
joints of the robot can suffer damage from such fast kicks. This type of loading
is mostly the same as if the robot kicks the ball and is discussed in Sec. 8.4.2.

8.2.7 Secondary impacts

A situation more unlikely to happen but still worth mentioning are secondary
impacts such as the ones during heading duels, where one of the players
clashes against the goalpost. Additionally, a player could be pushed against
the boards next to the field®. These secondary impacts are potentially danger-
ous to both human and robot, so the robot should have sufficient understand-
ing to avoid such situations if possible. In order to protect itself from being
damaged, padding and compliant joints appear to be an adequate counter-
measure.

8.2.8 Further aspects

Besides the interactions described in Sec. 8.2.2, of which most are fouls or
tackles, several other comparatively light contacts occur in soccer. In almost all
matches, situations in which two players in parallel run to a ball and mutually
obstruct each other could be observed (Fig. 8.6b; P1, P2, P6). Light pushes (P4,
P5) without any consequences happen as well as entangling arms in crowded

®In new soccer arenas, tracks are usually left out so that this is definitely not too unlikely.
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situations (P3). This raises the question whether a soccer robot would benefit
from a touch sensitive skin.

Another aspect not fully discussed in this chapter is the possible necessity of
specialized team role robots. Because of the varying loading of players in dif-
ferent positions, having different types of players is beneficial. For example,
goalkeepers seldom sprint but often dive and fall on the whole body when
defending a ball, whereas field players are posed to sustained loads and du-
els. According to [181] injury severity and mechanisms highly depend on the
position of the player, pointing out that goalkeeper have been shown to have
more head, face, neck, and upper extremity injuries than lower extremity in-
juries. Another reason to design different player types is that because of their
inertial properties, massive and hence slow players cannot fulfill the role of a
fast and flexible playmaker. It can often be observed in real world soccer that
manipulability of the body is more important than simple speed and strength.
According to [295] the average height of players is different between striker
(= 176 cm), defender (=~ 185 cm) and goalkeeper (=~ 190 cm), clearly indicat-
ing the necessary specialization for each position. An obvious reason for this
difference in height are headers, or for a goal keeper reaching the kick in terms
of reach [295]. Furthermore, there is the natural advantage of heterogeneity
and diversity within the team.

In the following, soft-tissue injuries and injuries caused by elbow checks are
outlined and how they can be reduced. Under certain circumstances it is even
possible to limit them to lower levels than presumably caused by humans.

8.2.9 Injuries from blunt impacts with soft tissue

In order to further analyze the benefit of intrinsic joint compliance, the blunt
soft-tissue impact of a rigid robot joint with the lower abdominal area will be
evaluated. Then, it is outlined how decreasing the stiffness results in signifi-
cantly improved safety characteristics.

A main benefit of intrinsic joint compliance is that it gives a physical collision
detection mechanism more time to detect and react to the collision since it
decouples motor and link inertia. Before presenting the impact results, a short
assessment of abdominal injury will be given to introduce a relevant injury
severity index for the abdomen.

The abdomen is located between the thorax and the pelvis. A large amount of
literature exists on abdominal injury describing various different injury criteria
with an overview given in [135]. For simplicity, the side force criterion used in
the EuroNCAP crash test is used. It states that the contact force must be

Foe < 2.5 kN, (8.1)

This criterion will be used with a mass-spring system as a simple model of
the lower abdomen. The spring stiffness of Kaq = 20 kN/m can be estimated
from data published in [41]. It will be assumed that the impact involves only
the torso with a weight of 34 kg [42].



198 CHAPTER 8. COMPETITIVE ROBOTICS

Impact force Fext(Ky, Dy = 0) Impact force Foxi(K s, D)
. 4000 4000
= f with CDJ| =
10K wR i1 = 2000 I~ 2000
!
0 0
0 02 04 06 08 1 0 02 04 06 08 1
. 4000 4000
flexible joint robot
= with CDJ| =
K . 2000 . 2000
LWR-III 2 { 2
0 0
0 02 04 06 08 1 0 02 04 06 08 1
4000 4000

ey g —— 00D
VIA (“stiff” preset) __ .

Z Z
01K Wil = 2000 '\ ‘ = 2000
0 0
o 02 04 06 08 1 0o 02 04 06 08 1
4000 = 4000
VIA (“soft” preset) — :ﬁ:ﬁ%‘D —
K Z o000 Z 2000
0.01Kywr-111 & g\‘ &
1 0 N a
o 02 04 06 08 1 o 02 04 06 08 1
time ¢[s] time ¢[s]

Figure 8.8: Impacting the abdomen at 7.5 m/s with a robot. The inertial parameters of the robot are the
reflected ones of the LWR-III and the joint stiffness is chosen to be 10, 1,0.1, 0.01 times the one of the LWR-
III. In other words, the compliance varies from low to very high. The left plots show a robot without joint
damping with and without collision detection (CD). If a collision is detected, the robot reacts by braking
with full available motor torque. The right plots show the behavior of a critically damped link for the same
impact conditions.

A kick with a hypothetical, faster version of the LWR-III at 7.5 m/s is sim-
ulated, which is above any velocity common in human-robot interaction but
reasonable for a soccer game. The reflected inertia of the motors and links are
13 kg and 4 kg. In the following analysis, the joint stiffness is varied from very
rigid to fully compliant 7. It is shown how collision detection together with
intrinsic joint compliance significantly reduces the potential injury risk during
a robot-human impact.

In Figure 8.8, the contact force of a typical instep kick into the abdomen is
depicted with and without collision detection (left column), while on the right
column the effect of joint damping is depicted. In current variable stiffness
joints, physical joint damping is usually undesired [299] because it introduces
hysteresis and possibly non-linear behavior. However, human joints clearly
are damped and therefore some properties related to damped joints are shown
as well.

For a very stiff robot, such as a typical industrial robot, the impact force re-
sults from an immediate impact of both, link and motor inertia acting as one
interconnected mass. The force limit of the abdomen is exceeded and there-
fore such an impact poses a severe threat to the human. In case of a flexible
joint robot as the LWR-III, the joint stiffness is already low enough to partially
decouple link and motor inertia. The latter becomes significant approximately
50 ms after the link impact. This reduces the maximum force and gives a col-
lision detection mechanism time to react. Due to the low link inertia, the first

"The problem of impacting in pretensioned state is not part of this analysis.
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Figure 8.9: Two-dimensional modeling view from above of an elbow check. The left player hits the right
player with his elbow on the head. The elbow is adjusted such that it produces the worst-case impact force
for each setting.

force peak is below the tolerance force of the lower abdomen. For even lower
joint stiffness (VIA “stiff” preset and VIA “soft” preset), both components are
more decoupled and the delay of the second peak increases (caused by the
much slower increasing joint force). This property would give a less sensitive
collision detection scheme sufficient time to react.

In order to show how effectively collision detection and reaction could reduce
the impact forces caused by the contribution of the motor, a collision detection
and reaction is analyzed in Fig. 8.8. The robot reacts to the detected impact by
braking with maximum motor torque as soon as a the collision is observed. For
a very compliant robot, there is only the first impact peak remaining. However,
for a joint stiffness comparable to the one of the LWR-III, the height of the
larger second peak can be diminished to a similar level as the first one.

Introducing joint damping D ; has an interesting influence on the impact char-
acteristics. For a flexible joint robot, motor and link inertia show less decou-
pling than for the undamped case. However, the maximum value of the force
is attenuated compared to the stiff robot. For a VIA system, the damping leads
to a larger joint force which decreases the effect of the motor inertia during the
second peak. This way, the potential threat to the abdomen is fully eliminated
even without any collision detection mechanism.

8.2.10 Analysis of elbow checks

According to [20], in professional football 41 % of head injuries result from
collisions with the elbow, arm, or hand of the opponent. In the following sim-
ulation results point out how dangerous elbow checks generally are. Further-
more, it will be shown that this threat can be reduced to lower levels than
presumably caused by humans and even facial fractures can be prevented at
all.

Figure 8.9 depicts the model. The human head is represented as a mass-spring
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Figure 8.10: Impact force as a function of covering elasticity modulus and thickness for an elbow check
with the maxilla (upper jaw) at 3 m/s. CD indicates whether a collision detection and reaction scheme is
activated or not. The reaction consists basically of rapidly “fleeing” from external forces (left). It becomes
clear that (without CD) for each specified covering thickness dco, > 4 cm should be a different optimal
material which is able to provide impact forces below the fracture tolerance (right).

system, with a head mass of 4 kg [42], a contact stiffness of K = 10° N/m
(maxilla, i.e. upper jaw [97]), and a fracture force of 660 N [19, 183, 67]. The
arm/robot that is carrying out the elbow check is represented as a 2R rigid
body system with inertial parameters of the human arm [42]. The hand mass
is assumed to be rigidly attached to the lower arm. The contact stiffness Kg
of the robot structure is modeled as the human elbow stiffness which is Kg =
7 x 10° N/m during quasi-static bending [139].

In [298], elbow to head impacts were evaluated with human soccer volunteers
and a HIII-Dummy. Impact velocities were 1.7-4.6 m/s. Hence an impact
velocity of 3 m/s was chosen and assumed here that the involved players have
no relative velocity during the incident. Also the worst elbow angle of 0, = 5
was chosen, see Fig. 8.9. The maximum human shoulder and elbow torques
according to [114] are

(I " ]s I ) = (80, 60) Nm. (82)
These are calculated by analyzing baseball pitches during a throw. In order to
show the improvement adequate covering could have, the influence of cover-
ing thickness and material type on the contact force are analyzed in Fig. 8.10.
The elasticity modulus E,, of the covering was chosen to range up to rather
hard rubber and its thickness increases up to dcoy = 0.15 m.

Without any countermeasure the contact force easily exceeds the fracture tol-
erance of the human maxilla, see Fig. 8.10. On the other hand, with an ideal
collision detection and reaction scheme according to Chapter 3, it is possible to
reduce impact forces significantly, even without any covering (dcoy = 0 m) by
~ 150 N. The feasible reaction torque is bounded by (8.2). Compliant covering
is the second effective approach to reduce dynamic impact forces. Particularly
interesting is that for each covering thickness an optimal value for the elasticity
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Figure 8.11: One-dimensional model of kicking a soccer ball with a variable stiffness robot. The robot is
modeled as a mass-spring-mass system, representing the motor mass, joint stiffness, and link mass with
B =13kg, M = 4 kg, and K; € {130, 1300, 13000} N/m. The ball is modeled as a mass-spring element
with Mp = 0.45 kg, and Kga;1 = 43.7 kKN/m. B, M were selected to be the reflected inertias in case of a
typical stretched out collision configuration with the LWR-IIL

modulus exists, see Fig. 8.10 (right).

In the simulation, it appears that a good collision detection and reaction scheme
is almost as effective in reducing impact forces as providing thick covering. In
reality, this is not only limited by the maximum available torque (considered
by (8.2)) but also by the full motor dynamics and the corresponding non-ideal
motor torques (joint torques in the flexible case). Furthermore, detection de-
lays and system latencies need to be considered which additionally lower the
absolute effectiveness of collision detection.

8.3 Robot joint protection

In this section, a trend in physical Human-Robot Interaction is discussed that
led to the development of novel joint designs incorporating mechanical joint
compliance [233] or even variable stiffness actuation (VSA). As mentioned in
Chapter. 2, various control schemes to realize compliance by means of active
control are described in the literature. However, motion in sport happens at
extreme joint velocities, e.g. 1375 deg/s for instep-kicking [205] or even 6900—
9800 deg/s during a baseball pitch [114]. At such velocities, it seems unrealistic
to achieve compliance by control, since results in Chapter 3 indicate a limit at
much lower velocities for a state-of-the-art robot as the LWR-III. One reason for
this is actuator saturation. In this section, it is focused on the situation of an
external impact. For a stiff joint, the motor has to immediately stop at impact,
leading to an extreme torque that can damage the gears, see Chapter 3. Since
the torque is much higher than what the motor can generate, this problem can
not be solved by control but only by mechanical compliance in the joint, which
relaxes the requirements posed by motor and gear box.

8.3.1 Joint stiffness and kicking force

In order to visualize the effect of joint elasticity on the joint torque, a one-
dimensional example is simulated, see Fig. 8.11. It outlines the dramatic de-
crease of joint torque during an impact with a soccer ball at g € {2,4,10} m/s
for a variable stiffness joint. In Fig. 8.12, the impact forces are given, showing
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that even with reduced joint stiffness they basically stay the same at differ-
ent kicking velocities®. This is again due to the decoupling of link and motor
inertia happening already at a moderately high stiffness.

Concerning the load on the joint, one can see that although the contact force
Fi stays the same, the joint force Fy decreases dramatically for a joint stiffness
reduced by one or two orders of magnitude compared to the LWR-III. A full-
robot simulation of this phenomenon is documented in [105]. So one can say
that more elasticity helps protecting both robot and human. However, for the
human a benefit can be seen only up to the point where motor and link become
practically decoupled.

Now an experimental evaluation of a new variable stiffness joint prototype
[299] is discussed with the aim of quantifying the achievable gain in joint pro-
tection during kicking a soccer ball.

8.3.2 Kicking a soccer ball with the VS-Joint

There are generally two main approaches to realize variable joint compliance.
The first one is the biologically motivated antagonistic concept using its two
actuators for both, position and stiffness adjustment. The second one is to as-
sign one actuator mainly for positioning and the other one for changing the
joint stiffness. However, most conclusions made in this chapter can be gener-
alized to both types. The prototype used in this chapter is of the second type
and its basic concept is visualized in Fig. 8.13. In Chapter 9 the classification
and design of intrinsically compliant joints are discussed in detail. The posi-
tioning motor of the DLR Variable Stiffness Joint (DLR VS-Joint) is connected
to the link via a harmonic drive gear. Mechanical compliance is introduced by
a mechanism which forms a flexible rotational support between the harmonic
drive and the joint base. In case of a compliant deflection of the joint due to an
external torque, the entire harmonic drive gear rotates relative to the base. At
the same time the positioning motor does not change its position.

The effect of joint stiffness on the resulting joint torque of the DLR VS-Joint
prototype is investigated during impact loading with a soccer ball. When kick-
ing or throwing a ball against the link, it is difficult to reproduce impact po-
sition and velocity. Therefore, instead of kicking the ball, the entire setup is
moved along a trajectory and hits the soccer ball at a constant velocity. This
was achieved by mounting the setup upside down on the TCP of a KUKA
Robocoaster, see Fig. 8.14. This robot weighs 2500 kg and can therefore be
treated as a velocity source during the following analysis’. In this setup, the
maximum horizontal velocity is achieved by moving the Robocoaster in an
“outstretched” configuration at maximum velocity in its first joint. A wooden
shoe-tree in a standard football shoe is attached to the tip of the joint lever.
The joint torque 7; € R is measured (r,sr € R) with a strain gauge torque sen-

8Please note again that impact force refers to the right hand force acting on the link side
inertia and joint torque to the elastic joint torque between motor and link.
°The robot is basically a KR500 as the one used in Chapter 4.
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Figure 8.12: Simulation describing the effect of stiffness reduction on impact force and spring force for a
kicking velocity of 2m/s, 4 m/s, 10 m/s. The solid line indicates the contact force and the dashed line the
spring force. The spring force decreases in magnitude and increases in duration when reducing the spring
stiffness, whereas the contact force basically stays the same for each particular impact velocity.
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Figure 8.13: Principle of variable stiffness joint mechanics. The circular spline of the harmonic drive gear is
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Figure 8.14: Test setup for hitting the VS-Joint with a soccer ball. The testbed for the VS-Joint is mounted up-
side down on a KUKA KR500/Robocoaster. The entire joint testbed is moved horizontally with a constant
Cartesian velocity of up to 3.7 m/s by the KR500. The link hits the resting ball in non-pretensioned state
with an attached foot that is equipped with a standard soccer shoe, see Fig. 8.18. This allows to investigate
the effect of the resting joint being hit by a ball in a controlled and reproducible environment.

sor at the base of the link lever. Furthermore, the joint motor position § € R
and the link lever position ¢ € R are measured by rotational encoders. The
difference between both is the passive joint deflection ¢ := 6 — ¢q. The impact
configuration was an instep kick, see Sec. 8.4.3.

The impact tests were carried out at four different impact velocities and with
three parameterizations of the torque-deflection function'?, see Fig. 8.15. Two
stiffness setups are realized via the passively compliant VS-Joint. The most
compliant as well as the stiffest configuration (¢ = 0 and 0 = oyax) are cho-
sen. Depending on the joint deflection, the corresponding stiffness ranges
from 0 Nm/deg to 2120 Nm/rad in the compliant and from 315 Nm/rad to
3150 Nm/rad in the stiffest configuration. In the third setup, a mechanical

The joint stiffness K(p,0*) = w for some stiffness preset o is a highly non-linear
function as can be observed in Fig. 8.15.
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Figure 8.15: Peak joint torque during impacts with a soccer ball and the VS-Joint. The impact velocity ranges
up to the maximum velocity of the KR500/Robocoaster. Three different stiffness setups are examined: VS-
Joint at low stiffness preset, VS-Joint at high stiffness preset, and an extremely stiff joint without deliberate
elasticity (upper). Peak joint torque during impacts of a soccer ball on the soccer foot mounted on the joint.
Higher impact velocities result in larger peak torque and passive joint deflection. At the same speed a soft
joint stiffness preset (¢ = 0) causes significantly lower joint torque but higher joint deflection. Therefore, a
very soft joint faces a higher risk of running into the deflection limits. Please note that this depends on the
joint design, which in this case has a constant deflection limit. In general, ¢ymax can be dependent of o, but
in any case, both maximum torque and ¢max (o) need to be avoided. For a very stiff joint, the gear torque
limit poses an upper bound for the maximum impact velocity. Maximally two trials were carried out for
each velocity and stiffness configuration (lower).
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Figure 8.16: Kicking a soccer ball at high impact speed (left). A football kick with a KUKA KR500 weighing
2500 kg at maximum velocity. The reflected inertia during such an impact is 1870 kg (right).

shortcut is inserted into the testbed instead of the VS-Joint mechanism, lead-
ing to a rather stiff intrinsic behavior with ~ 30000 Nm/rad. The numeri-
cal value is in the range of the LWR-III elasticity in the first joint which is
~ 20000 Nm/rad.

Both, increasing impact speed and joint stiffness result in higher peak joint
torques as visualized in Fig. 8.15 (upper). The maximum peak torque limit
of the joint gear is almost reached with the stiff joint at an impact velocity of
~ 3.7 m/s, whereas the compliant VS-Joint is still far in the safe torque region.

During the impact, a certain amount of kinetic energy is transferred to the
joint. Apart from parasitic effects such as friction and damping, the complete
transferred energy is stored as potential energy in the joint spring. Increas-
ing impact velocity naturally enlarges the amount of transferred energy. This,
in turn, results in increased joint deflection during the impact, see Fig. 8.15
(lower). If the compliant joint has a maximal passive deflection angle, this
poses a second safety limit to the joint. Therefore, a trade-off must be made:
On the one hand, lower stiffness results in lower peak torques but higher joint
deflections and one may run into joint limits. On the other hand, higher stiff-
ness causes higher peak torques and may damage the gears or the structure of
the joint itself. The stiffness has to be chosen such that both limits are avoided,
if possible.

The preceding evaluation outlined how joint elasticity can effectively reduce
high impact joint torques and the related risk of joint damage. In the following,
the ability of a VSA to use its inherent physical elasticity as an energy storage
and release mechanism is investigated. This feature is especially powerful for
achieving very high link speeds, which are necessary for kicking a soccer ball
strong enough.
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8.4 Robot performance improvement

For future soccer robots, kicking a ball at human speed level is a major require-
ment in order to be serious opponents to their human counterparts (Fig. 8.16,
left). This section discusses, how joint elasticity can be used to close the large
gap in joint velocity between current robots and human soccer players [205].
A general argument in favor of intrinsic joint compliance is its ability to store
and release energy

1. for decreasing the energy consumption of the system or

2. to increase peak power output.

The former has received larger attention especially for biped walking [304,
305, 286]. The focus lies on the latter as it allows to considerably increase the
link speed [245, 219, 212, 105, 299] above motor speed level.

8.4.1 Kickingin RoboCup

For comparing the results presented in this chapter with the performance of
current soccer robots, a short overview of the state of the art regarding ball
manipulation abilities in RoboCup is given in the following.

Currently the largest and most powerful'! humanoid soccer robots play in the
Humanoid Teen Size League. In this league, an orange beach handball (size
2; 18 cm diameter, weighing 294 g) is used [159]. The robots have to manipu-
late the ball using their legs. In most cases, a humanoid leg is constructed as
a sequence of six joints which allow — in addition to kicking — omnidirectional
walking patterns. The 2007 world champion, team NimbRo from Freiburg,
Germany [24], powered these joints with Dynamixel RX-64 servo motors (as
several other teams do), which have a holding torque of 6.4 Nm and a max-
imum velocity of about 360 deg/s (specification from manufacturer) without
load. By coupling pairs of these motors in several joints of their robot Robotina,
the torque is doubled. The knees of this robot are additionally supported by
torsional springs. Robotina is able to kick the standard ball at a velocity of
about 2 m/s but cannot lift it from the ground significantly.

8.4.2 Required joint velocity

In the following, the joint velocity necessary for kicking a ball with the LWR-
III at a speed comparable to a human instep kick is calculated. According to
[169], the velocity of the ball can be expressed sufficiently accurately by

mp(l+e)

) (8.3)
mg + mp

Tp =1Tp

by means of joint torque
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where mp is the effective striking mass of the foot and mp = 0.45 kg is the
ball mass. The coefficient of restitution is e &~ 0.5. In [169] the ratio mF’T;n - is
described to be typically 0.8. Since the LWR-III has in outstretched position a
reflected inertia of ~ 4 kg along the impact direction (thus more than twice as
large as the human foot), the velocity of the robot’s end needs to be ~ 0.752 5,

leading with 16 m/s < #p < 27 m/s for real kicks to

12m/s < ip < 20.25 m/s. (8.4)

This corresponds to a joint velocity of 414 deg/s to 700 deg/s, much higher
than the maximal joint velocity of the LWR-III (130 deg/s). Due to the smaller
reflected inertia of a human foot, humans kick at even higher joint velocities
of up to 1375 deg/s for knee extension and with joint torques up to 280 Nm
[205]. Kicking a soccer ball at the maximum nominal joint velocity of the LWR-
III leads to a ball velocity of ~ 4.5 m/s, i.e. six times slower than required.
Even with such a low velocity, the joint torques already become critical (80 %
of maximum nominal torque) [105]. This is confirmed by observations made
during robot-dummy impacts presented in Chapter 4, where the exceedance
of maximum nominal joint torques was observed already at impact velocities
of ~ 1m/s.

Kicking with a heavy-duty industrial robot

In order to show the performance limits of classical actuation by an intuitive
experiment, a soccer ball was kicked with a KUKA KR500, one of the world’s
largest robots (500 kg payload) weighing almost 2500 kg. Maximum joint ve-
locity results in an impact at 3.7 m/s, see Fig. 8.16(right). Still the ball hits the
ground after a flight of only ~ 2 m. This example gives a good feeling about
the large gap in joint velocity between current robots and the RoboCup 2050
challenge requirements and especially supports the claim that increasing robot
mass does not significantly enhance kicking performance.

8.4.3 Kicking a ball with an elastic joint

Asimo, currently one of the fastest biped humanoid robots, or the successful
robots of Humanoid Team NimbRo kicking a soccer ball reveal a large gap in
the kicking performance between current humanoid robots and humans. In
this part of the chapter, it is shown how much higher kicking performance
is achievable with a single elastic joint. This experiment is not meant as an
assessment but to show the potential of elastic joints. The DLR VS-Joint is
equipped with an adjustable passive elastic element which serves as an energy
storage and release mechanism, see Fig. 8.13. It allows to significantly increase
the link speed as pointed out and partially analyzed in [245, 212, 105, 219]. In
order to show that the proposed increase in kicking performance is not only
achievable for a particular type of kicking, experiments with five basic kicking
techniques were conducted, see Fig. 8.17.
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Figure 8.17: Kicking techniques investigated in this thesis. Only the drop kick allows a foot position below
the ball.

Kicking test setup

In the following the most common kicking techniques used in soccer are evalu-
ated: instep, pike, lob, and drop kick as well as inside edge pass. These techniques
require appropriate foot angle setups, see Fig. 8.18. For this reason, the foot
angle can be changed in two axes. The first axis is concentric to the joint lever.
Its angle ¢, is set to 0 deg for all techniques except for the inside edge pass
where it is set to —90 deg. The second axis is rotated by 90 deg relative to the
tirst axis and is parallel to the joint axis in case of ¢; = 0. The angle ¢- of the
second axis is changed according to the kick technique. The inertia of the lever
and foot is J ~ 0.57 kg m? and slightly depending on the foot orientation. The
height hp of the ball can be changed to adjust the position of the contact point
between ball and foot. An ART passive marker tracking system was used to
track the position of the link .S; and of the ball relative to a world coordinate
system S,,. This is done by two 6-DoF markers mounted to the link and to the
table respectively. The coordinate system Sy was identified with the tracking
system for each foot position relative to S;. Furthermore, the surface of the
shoe was sampled by grid points relative to S;. This allows to calculate the
contact normal n¢ between the foot and the ball out of the tracking data. The
trajectory of the ball is also measured by the tracking system.

Kicking trajectory

The link velocity of a stiff joint is limited by the velocity of the driving motor.
In a flexible joint, the potential energy stored in the system can be used to
accelerate the link relative to the driving motor. Additionally, potential energy
can be inserted by the stiffness adjuster of the variable stiffness joint.

In the experiments presented in this section, a simple strike out trajectory is
used, see Fig. 8.19. A motor position ramp accelerates the link backwards to in-
crease its kinetic energy. Then the motor reverts its motion which in turn leads
to a transformation of the kinetic link energy into potential energy stored in the
VS-Joint spring. The stiffness adjuster starts moving with maximum velocity
to the stiffest configuration, increasing the potential energy of the system. The
next step is to accelerate the motor up to its maximum velocity, adding kinetic
energy to the VS-Joint (this topic is theoretically addressed in Sec. 8.4.4 and
Chapter 9.4 in more depth). As soon as the link starts to catch up with the
motor, its velocity increases up to the motor maximum velocity plus a term
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Q,q‘
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Figure 8.18: Test setup for kicking a ball depicted for an instep kick. The testbed for the DLR VS-Joint
is mounted upside down. The angle ¢2 between the foot and the limb (joint lever) is altered by a hinge.
The height of the ball hp is adjusted by the number of piled cups underneath and adjusted according to
the investigated kicking technique, see Fig. 8.17. The normal on the contact point between foot and ball is
denoted as n¢.

correlating to the stored potential energy.

Experimental results

With the VS-Joint prototype it is possible to achieve a maximum link velocity
of ¢ = 490 deg/s at a motor velocity of § = 200 deg/s. This is a speedup of 2.45
compared to the rigid case. All subsequently presented tests with the VS-Joint
were carried out at this maximum joint velocity, leading to Cartesian kicking
velocities of up to 6.65 m/s (depending on the configuration of the foot). In
Table 8.3 the results for the stiff joint and the VS-Joint are given, showing the
large increase in kicking performance with the latter. The tests were repeated
several times and the resulting ranges for the external force Fi.;, the kicking
range Zyick, and the ball velocity @ are given accordingly.

An instep kick is characterized by large ball velocities which reached up to
7.5 m/s in the experiments, depending on the angle ¢, between foot and limb
(link lever). The impact force is calculated using the dynamic joint model, the
torque sensor signal, and the link position signal. Compared to Fig. 8.12, the
impact force is smaller. This has two main causes: First, the signal is heavily
tiltered to obtain the link acceleration and second, the radial force component
cannot be calculated from the torque signal.

For ¢o = 30 deg and ¢» = 45 deg, it is not meaningful to measure x;q since
the ball practically does not lift.
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Figure 8.19: A strike out trajectory of the joint motor in combination with an increase of the stiffness preset
are used to gain maximum link velocity.

Kicking with the pike is mainly varied by the position at which the ball is struck.
In this thesis only the vertical variation is evaluated, because horizontal vari-
ation causes spin and is left for future work. Two impact positions are in-
vestigated, which were chosen to be perpendicular to the ball surface (90 deg
contact) and hitting the ball at an angle of 45 deg (45 deg contact), see Fig. 8.17.
The impact forces were generally higher compared to the instep kick and the
kicking ranges are large as well. This seems mainly to be caused by the rigid
contact at the pike.

The lob is basically a pike kick striking the ball at a contact point that is as
low as possible, generating a smooth parabolic trajectory, lower ball velocities
and contact forces. The main idea behind a lob is to kick the ball beyond the
opponent (often the goalkeeper in a direct one to one situation). So one has to
lift the ball rapidly very high. The robot was able to kick the ball such that it
lifted 0.82 m at a horizontal travelling distance of 0.6 m.

In order to compare the drop kicks, the kicking range was measured with three
different balls. Apart from the soccer ball, an indoor handball and a plastic Ro-
boCup ball, used in the Standard Platform League, were evaluated. Each ball
was hit such that it was contacted at a 45 deg angle. The ball velocities were
lower than for the other kicks but at the same time it was possible to shoot
up to a distance of 4 m with a football and more than 6 m with the RoboCup
ball. The handball was not a beach handball as used in the Humanoid soc-
cer league but an indoor version which is heavier (0.45 kg). It has basically
the same weight as a soccer ball but different contact characteristics which is
presumably due to the different requirements from the sport itself (kicking vs.
dribbling and throwing).
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Figure 8.20: Comparing the kicking abilities of a 5 year old boy with the DLR VS-Joint prototype. Position
and velocity of foot and ball were tracked.

For the inside edge pass, the entire foot was rotated to ¢; = —90 deg and ¢, was
set to 90 deg. The robot was able to kick the ball with the inside edge of the
shoe. With this type of kick it is possible to kick the soccer ball the fastest'? so
that it reached maximum velocities of 7.8-9.8 m/s.

While evaluating such a kick in terms of the physical parameters, as done so
far in this chapter, is straight forward, evaluating the effectiveness of a kick can
be difficult since it depends on the game situation whether it was a success or
failure.

After this evaluation of the kicking performance with different techniques, a
remarkable observation can be made when comparing the drop kick of a stiff
with a VS-Joint by means of speed, kicking range, and impact joint torque. Al-
though the impact speed with a VS-Joint more than doubles and the kicking
range can be more than three times higher compared to a stiff joint, the impact
joint torque during the observed kicks is only 10 Nm for the VS-Joint in con-
trast to 85 Nm for the stiff joint. This shows that performance can be increased
along with effective joint protection.

Comparison with a human child kick

It is not possible to shoot close to professional level or even comparable to
an adult human kick with a single-joint-setup. However, in order to compare
performance as a show-case to a real human, a 5 year old boy kicked the soccer
ball lying on the ground and on the same height as used for the instep kick,
see Fig. 8.20. The leg length of the child is shorter (0.54 m) compared to the
prototype link length but he was allowed to kick as hard as possible without

">This is presumably due to the fact that the surface stiffness of the foot-show complex is the
largest at this point. Furthermore, the structural compliances are also lower than for the other
kicking configurations.
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any restrictions on the used degrees of freedom of leg and body.

The boy achieved ball velocities of 5 — 6 m/s, comparable to the setup. The
kicking length range was 1.5-4.2 m depending on the “quality” of the kick.
The foot velocity was relatively constant 10-13 m/s at the time instant of the
kick, leading to the conclusion that the reflected inertia is significantly lower
than for the robotic setup.

To sum up, in all evaluated cases good kicking performance was obtained and
the benefit of the intrinsic joint elasticity was verified. It seems promising to
further evaluate the n-DoF case in the future.

8.4.4 Optimal control for kicking with an elastic joint

In this section it is analyzed theoretically, how much velocity can be gained
from using (constant) joint elasticity and what the price is. Therefore, a stan-
dard elastic joint model [263] with the motor acting as a pure velocity source is
considered. At this point no geometric constraints or non-linear elasticity are
considered as it would not contribute to a better understanding of the main
idea. In Chapter 9.4 the entire problem is treated from a more general point of
view and more complicated models are analyzed. The considered model is

0(t) = u(t), [u(t)] < umax (8.5)
i) = 520-a) 6)
g(0) = §(0) =6(0) = 6(0) =0, (8.7)

where ¢ € R is the joint position, # € R the motor position, K; € R" the
joint stiffness, B € R the link inertia, and u € R the control command. With-
out damping, a mass-spring system can be excited to arbitrarily large oscilla-
tions. However, these need time to build up. So the question is asked what is
the largest joint velocity that can be achieved within a time ¢, leading to an
optimal control problem. To address this, the closed solution of (8.5)-(8.7) is
considered.

tr
0 = u(t)d .
) = [ ua 8)
t
ﬂm::/ﬂwu—m@w—mm, (89)
0
with w = % It can be verified by taking derivatives of (8.9):
tf
q(ts)=wu(ts)(1 — cos(0)) +w /u(t) sin(w(ty —t))dt (8.10)
Ve 0
0 y
4(ty)=u(ts)sin(0) +w2/ u(t) cos(w(ty —t))dt (8.11)
— 0

0
=w?(0 —q) (8.12)
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Figure 8.21: The speedup achievable in time ¢;. The X-axis indicates the time w:rf in half-cycles of the
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spring-mass eigenfrequency. The Y-axis indicates the achievable joint velocity —_ relative to the

motor velocity. The continuous line depicts optimal bang-bang control, the dashed line shows sinusoidal
control.

ty is assumed to be fixed, i.e. the goal is to maximize the joint velocity at a
known point in time. Then the integrand of (8.10) can be maximized for every
t independently by setting u(t) = umax sgnsin(w(ty — t)) leading to the overall
maximum

tr
max(ty) = umaxw/ |sin(w(ty —t))|dt (8.13)
“ 0
wtf
= umax/ | sin(x)|dx (8.14)
0
= Umax(2n + 1 — cos(wty — nm)), (8.15)

with n = Lw—;fj The last equation is obtained by splitting (8.14) at multiples
of 7 according to the sign of sin(x), see Fig. 8.21. Even for wt; = m, i.e. half
a cycle of the spring-mass eigenfrequency, the joint velocity can already be
doubled. This is achieved by simply commanding maximum motor velocity,
i.e. without any back and forth motion. For wt; = 2, i.e. a full cycle or going
one times back and forth, the joint velocity can be quadrupled. Using more
than a full cycle seems unrealistic for soccer as an application.

These results refer to an idealized setting. In reality, the system would involve
motor inertia, friction, damping, and torque limits. Damping and friction on
the link side reduce the obtainable velocity. However, they are mainly built up
over many cycles, so they create no severe problem. Friction on the motor side
only increases the torque required, hence effectively reducing any torque limit.
Motor inertia prevents ideal bang-bang control which would require infinite
acceleration 0. To analyze this effects, a rather conservative sinusoidal control
is evaluate now.

U(t) = Umax sin(w(ty —t)). (8.16)
ty
q(ty) = umaxw/ sin?(w(ty —t))dt (8.17)
0 .
— s (551 - 25 8.18)

As Fig. 8.21 (dashed line) shows, the speedup reduces from 2 and 4 to § and 7
respectively but is still substantial.
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Torque limits have an important effect that can be seen from the energy bal-
ance. A motor with limited velocity and torque can only generate limited
power and hence energy can only be build up ~ t; and velocity only ~ /%;.
As both control policies discussed above result in a linear built up of velocity
they will at some point exceed the motor’s torque limit. A detailed analysis of
this problem is provided in Chapter. 9.4.

When comparing these theoretical results in Fig. 8.21 to the practical ones
shown in Fig. 8.19, some caution is needed. The experiments there show a
back-and-forth motion, roughly corresponding to thf = 2. So a factor of 4
could be achieved with an ideal velocity source, or 7 ~ 3.14 with sinusoidal
control. In the experiments, only a factor of 2.45 has been achieved. How-
ever,  in Fig. 8.19 is far from being sinusoidal, let alone from an ideal step
trajectory. So, the experiments correspond to the theory to the rough extend
expected from the simple model (8.5)-(8.7).

Another problem arising from the elasticity can be seen in (8.15) near ¢ty = 0
Fig. 8.21. The term 1 — cos(wt) has 0 derivative there. In this time no velocity
increase can be obtained. This is the well known problem that elasticity in the
joints reduces joint dynamics. Overall, there are some other problems in using
elasticity to increase velocity as e.g. the elastic deflection limit, how to adjust
the joint stiffness for the VIA case, and the limited motor dynamics. However,
for Competitive Robotics, the obtainable gains far outweigh these problems.

8.5 Summary

In this chapter, safety and performance challenges imposed by the RoboCup
2050 vision of a human-robot soccer match were analyzed. An attempt for a
pHRI view on human-robot soccer was taken. For this scenes from real soccer
matches were selected and discussed what could have happened if one of the
teams consisted of robots instead of humans. The interaction scenarios were
grouped and solutions for resolving or attenuating the corresponding safety
problems were pointed out. A key finding is the necessity of a new actuation
paradigm, including elasticity (i.e. mechanical compliance) in the robot joints.
This contributes to three important challenges of human-robot soccer:

Safety of the human Joint elasticity decouples motor and link inertia. Hence,
someone hit by the robot feels only the impact of the link at first. The impact
of the motor inertia transmitted through joint stiffness is delayed and less se-
vere than for the rapid case. It can be further reduced by a collision detection
mechanism!3. Even though this has been shown in Chapter 4 to be already
the case for the LWR-III, the next two aspects necessitate of further increase
the decoupling effect. Therefore, the deliberate introduction of strongly elastic
elements becomes necessary.

BFor this strategy to be effective, singularities must be avoided.
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Protection of the robot The decoupling effect described above also protects
the robot during an impact, as it gives the motor more time to react e.g. by
decelerating. This reduces the peak gear torque, avoiding gear damage. Fig-
uratively speaking, if a stiff robot bangs its fist on a table, it could hurt its
shoulder. Joint elasticity prevents this. The benefit for the robot is therefore
even higher than for the human.

Robot performance Stiffness elements can store and release energy. Thereby
allowing the robot to increase the link velocity to a multiple of the maximum
motor velocity. This makes motion control, in particular walking, much more
difficult, but helps to close the large gap in peak joint speed performance be-
tween humans and robots, for the case that inertial, payload, and structural
properties should be in a similar range for robots and humans.

As a further contribution the effectiveness of padding by means of biomechan-
ical worst case injury study was evaluated, leading to a discussion about its
desired mechanical characteristics.

The results of the present chapter are used in Chapter 9 for further investi-
gation of the aforementioned three challenges. However, the focus in Chap-
ter 9 is on physical human robot interaction and extending the optimal control
methodology:.
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Intrinsic joint compliance

Figure 9.1: The DLR hand-arm system.

Human-friendly robots are usually characterized either by active compliance
control or intrinsically compliant behavior. Active compliance control has al-
ready reached a mature stage and recently went to market. Intrinsic com-
pliance on the other hand is currently investigated in several large European
projects and other research projects worldwide. Due to the significant increase
in mechanical design complexity, the additional degrees of freedom needed
for adjusting stiffness and related questions regarding control, there are still
several open issues to be addressed in order to validate the VIA concept. DLR
is currently developing an integrated hand-arm system [82, 10], which will be
fully equipped with variable stiffness actuation, see Fig. 9.1.

In this chapter first general design considerations for intrinsically compliant
joints are presented, leading to a new design concept, the Quasi-Antagonistic

219
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Joint (QA-Joint). The approach has an elastically coupled drive unit with vari-
able stiffness achieved via superposition of antagonistic torque/displacement
characteristics. Furthermore, velocity gain and joint protection capabilities due
to the inherent elastic behavior of such mechanisms are investigated in detail,
and the results are supported by numerous experiments. This is a continuation
to the analysis in the previous chapter, extending the ideas significantly and
contributing more theoretical background. Then, the effect joint stiffness has
on safety properties of the robot is analyzed by means of intrinsic behavior and
control schemes. Based on the results from Chapter 8 the theoretical insights
are also verified by several simulations and experiments. It is shown that the
discussion in literature in favor of intrinsically compliant actuation has left out
important aspects, which to a certain extent contradict the paradigm of realiz-
ing safety by compliance. On the other hand the circumstances under which
this assumption actually holds are outlined and where a large benefit can be
obtained.

The chapter is organized as follows. Section 9.1 gives an overview of existing
intrinsically compliant joint designs. Section 9.2 introduces the design consid-
erations for realizing these novel mechanisms. A novel joint design, its model-
ing, identification, and control are given in Sec. 9.3, while the achievable results
in velocity increase are outlined in Sec. 9.4. Section 9.5 provides insights into
the safety characteristics of intrinsically compliant joints. Various simulation
and experimental results on the impact performance and characteristics of the
prototypes are presented. Furthermore, the theoretical background for colli-
sion detection with such devices based on the results for flexible joint robots in
Chapter 3.3 is introduced. Finally, the performance in joint protection during
highly dynamic impacts is proven and the chapter concludes with Sec. 9.8.

9.1 Intrinsically compliant actuation

Since the early 1980’s, different approaches were made to realize compliant
joint coupling. The motivation originated mainly from using inherent elastic-
ity to achieve stable behavior during hard contact, protecting the joints from
impact shock, and storing elastic energy e.g. for energy efficient motions.

In an intrinsically compliant joint mechanism the relationship between the
elastic force F € R, acting along the generalized displacement coordinate
zp € R directly related to the axis of the compliant element, to the elastic joint
torque 7; € R is a possibly nonlinear transformation. In this chapter only
linear stiffness elements are treated, which are producing nonlinear output
behavior via a nonlinear transmission. A selection of designs, known from lit-
erature and falling into this category, is shown in Tab. 9.1. Roughly, this wide
array of different technical realization can be grouped into two main branches
of development, namely

1. preload variable design, and

2. transmission variable design.
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The preload variable branch evolved from constant stiffness towards symmet-
rically acting progressive stiffness assemblies as exemplified in Tab. 9.1. The
transmission variable group showcases the development from human like an-
tagonistic actuation towards related actuation mechanisms that use superpo-
sition of torque/displacement characteristics for stiffness variation. Simulta-
neously, they intend to overcome the drawbacks of equally sized drives for
opposing directions. On the one hand, the number of parts and expected com-
plexity of this line of developments appears to be larger than for the preload
variable type. On the other hand, the superposition of individual characteris-
tics allows for new ways to influence the overall behavior of the mechanism.

9.2 Design considerations

The human has the ability to co-contract his muscles for reacting with appro-
priate stiffness response to perturbations and to relax them almost instanta-
neously to become fully backdriveable. This is especially useful during high-
performance tasks as throwing a ball or evading from external forces to pre-
vent muscle damage due to overload. To mimic such capabilities electrome-
chanical system requires series elastic coupling with variable impedance and
high backdriveability. Current systems barely fulfill all requirements at the
same time and are clearly outperformed by human actuation e.g. by means of
load-to-weight ratio, payload, and speed capabilities. In this sense the follow-
ing general requirements are discussed, which are believed to be important in
order to approach to human-like actuation performance. A joint design space
is elaborated, taking into account external influences as well as internal rela-
tions of different design aspects.

The most characteristic properties of a robot joint are

¢ the maximum (stall) joint torque 7,j max and

¢ the maximum (transient) joint speed émax.

In contrast to a stiff robot, additional design aspects have to be considered for
intrinsically compliant mechanisms:

¢ Joint elastic deflection range ¢p,ax: possible range of elastic motion within
mechanical limits

* Joint stiffness range range{ K ; }: appropriate shape and limits

* Energy storage capacity £ ,q,: for energy absorption and dynamic tasks

For a passively elastic robot joint its characteristics can generally be visualized
by two specific graphs. The torque-deflection (Fig. 9.2 (left)) and stiffness-
torque (Fig. 9.2 (right)) plots are suitable for determining desired properties of
a compliant mechanism.
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Figure 9.2: Design space for torque displacement curves (left). Stiffness over torque (right).

In Figure 9.2 (left), limits due to maximum joint torque, maximum elastic de-
flection, and maximum potential energy span an elastic design space, in which
the characteristics of the centering torque 7; over passive deflection ¢ can be
plotted, see Fig. 9.5. Stored potential energy through deflection is visualized as
the area below a torque deflection curve. Consider the case of adjustable linear
joint stiffness (dashed lines) with constant maximum deflection ¢y,,x for all o
as the ideal joint. For realizing this the aforementioned constraints limit the
practically achievable design:

* Due to mechanical torque limits, there exists a maximum 77 yax.
¢ Therefore, the maximum deflection ¢y, is a function of o.
¢ As a further consequence, the maximum joint torque is a function of o.

¢ This in turn leads to higher strike-through risk for very low stiffness due
to low energy storage and low maximum torque at the same time.

¢ In general, the energy limit is mainly caused by limited deflection = g yax
of physical springs.

¢ Consequently, the amount of energy required for stiffening the joint by
internal tension is no longer accessible for further elastic deflection.

The second characteristic graph, depicted in Figure 9.2 (right), shows the stiff-
ness characteristics K; of the elastic element with respect to joint torque in
the same design space limits. In particular, this plot visualizes the achievable
stiffness under a given load. Again, it is considered desirable to achieve vari-
able constant stiffness (dashed lines), especially in the so called nominal torque
range.

In the following some essential aspects regarding the above mentioned prop-
erties are addressed.

e Joint torque. It is desirable for an elastic joint mechanism to maintain the
torque capacity for the entire stiffness preset range as steady as possi-
ble. Most elastic mechanisms show decreasing torque capacity in stiff
operation mode due to internal spring preload.

¢ Elastic motion range. Since a robot has a limited range of motion, the
maximum elastic deflection of the joints needs to be considered. The



224 CHAPTER 9. INTRINSIC JOINT COMPLIANCE

maximum joint torque required to prevent strike through must always
be attainable before the mechanical limit, either by limiting 6 to gmax —
©¥max and /or through active reaction schemes. In relation to the expected
motion range and considering the range extension obtainable by reactive
motion, a maximum elastic deflection of 15 ¢ appears to be appropriate
for humanoid arm joints.

* Joint stiffness. The predominant external load is expected to be within
~ 25 % of the maximum joint torque 7 max, When assuming general ma-
nipulation tasks under gravity influence without major accelerations. In
this nominal torque range it is especially desired to be able to alter the
joint stiffness over a wide range of values to cover differing stiffness de-
mands. Since the external load may vary as a result of pose changes
as well as due to reaction forces during contact, it is desirable to main-
tain constant stiffness behavior under varying load, easing manipulation
tasks and simplifying control schemes.

* Minimum stiffness. In case of obtaining joint torque information by mea-
suring deflection, zero joint stiffness is not considered as desirable, be-
cause torque information would be lost!. The same happens with con-
trollability of the joint. In particular, it might not be restored quickly
enough to ensure short reaction times.

* Maximum stiffness. Since one of the major purposes of elastic joints is
robot and environment protection, limiting the maximum stiffness is an
important issue. The maximum stiffness significantly defines the chance
for reaction in case of an impact. Thus, it influences the available load
capacity for heavy manipulation tasks, demanding safety reserves in de-
flection to sustain collisions. A relative collision, leading to ¢. = O masc,
where 6« is the maximum motor velocity, relates to the worst case time
ter required to react as

Bbiax
ter = tcd + = ) (91)

Tm

where t.,, t.q are the collision reaction and collision detection time, while
B and T, are the motor inertia and motor torque. A purely geometric
minimum deflection reserve is obtained as

Pres = 75cémax . (92)

To be able to utilize most of the joint maximum torque (e.g. 1 —c = 95 %),
maximum stiffness has to be limited such that

/ K(Ua go)dgp < CTJmax- 9.3)
0 —QPres

!Please note that this argument is purely motivated from a classical control point of view. In
order to achieve highly dynamic/explosive motions, this presumably needs to be reconsidered.
However, the usage of pure intertial “double pendulum” effects for these motions still needs to
be investigated in more detail.
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Characteristics | é | e? | P2
Constant stiffness — + | ++
Minimum stiffness | — — — +
Maximum stiffness | + + + - —
Spring Energy + | ++
Joint protection + + —

Table 9.2: Comparison of torque characteristics

These conditions determine the relationship between applicable load with
safe speed and stiffness.

* Energy storage. The joint elasticity can be used for absorbing kinetic en-
ergy of an impact or during catching heavy objects. It can also be used
for additional acceleration of the link [299, 106] by appropriate motion
(see Sec. 9.4). However, the stored energy may also cause unwanted ac-
celeration. This is the case when losing contact to an object or due to mal-
function. Thus, the energy level should be kept moderate and the active
reaction of the motors has to be fast enough to prevent severe damage in
case of faults.

The properties described above influence the choice of the torque displace-
ment characteristics significantly. However, they cannot all be maximized at
the same time. In Table 9.2 the influence of selected torque/deflection char-
acteristics is quantified, comparing rational, low progressive exponential, and
quadratic torque displacement curves.

In the following, the resulting joint design and model of the designed joint
prototype is outlined.

9.3 Joint design, modeling, identification, and control

For the technical realization of the joint it is important to achieve a compact
design and light-weight structure for low inertia and thus high bandwidth of
the robot. Furthermore, it is crucial for most control features developed at DLR
to provide high quality torque feedback, which implies low friction and low
hysteresis in the compliant mechanism.

9.3.1 Joint design

The QA-Joint consists of a link positioning drive with HarmonicDrive gears
and an elastic mechanism with the stiffness actuation drive. The main differ-
ence to a classical antagonistic joint (see Fig. 9.3 a) is that the two motors are
not used in a symmetrical configuration as agonist and antagonist. Instead,
one motor (the link drive) adjusts the link side position, while the second mo-
tor (the stiffness drive) operates stiffness adjustment, see Fig. 9.3 b. With this
arrangement the adjustment of position and stiffness is already decoupled to
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Motor 1

Jiice

Motor 2 (

g Motor 1

a)
Motor 2 ®)

Figure 9.3: Variable Stiffness Actuator with nonlinear progressive springs in antagonistic (a) and quasi
antagonistic (b) realization. Principle of the elastic mechanism (right).

Connection to
Circular Spline

Stiffness Actuator

Figure 9.4: Cross section of the Quasi Antagonistic Joint design.

a large extent in hardware design. This special form of antagonistic actuation
is advantageous for configurations with pronounced agonist actuation.

The compliance consists of two progressive elastic elements opposing each
other with a variable offset that supports the link with variable range of elas-
tic motion, see Fig. 9.4. The classically fixed Circular Spline of the Harmonic
Drive gear for link positioning is held in a bearing and has a cam bar attached
to it. Two pairs of rocker arms with cam rollers, each pair linked by a linear
spring, act on different faces of this cam bar. External loads result in rotational
displacement of the entire gear and force the rocker arms of the supporting di-
rection to spread against the linear spring. This causes a progressive centering
torque. The agonist rocker arms are fixed w.r.t. the housing. The opposing an-
tagonist part is positioned with a rotational offset with respect to the stiffness
actuator. This makes it possible to change stiffness independently from link
speed in approximately 120 ms for the full stiffness range. In the QA-Joint the
link position can be changed without moving the elasticity mechanism. This
significantly reduces the inertia of the moving part of the joint.

The use of a cam-roller mechanism offers another advantage: The shape of the
cam faces can be adapted to provide any progressive desired torque charac-
teristic that stores the maximum potential energy in the linear spring. Thus,
the design is well suited to realize different torque/displacement characteris-
tics with little overhead. Overall, the superposition of agonist and antagonist
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Property Value

Torque capacity TJmax = 40 Nm
Maximum positioning drive speed | fax = 3.8 rad/s
Maximum elastic deflection Pmax =3...15°
Maximum spring energy Epmax =2x2.7]
Stiffness range (7; = 0) 20...750 Nm/rad
Maximum stiffness adjustment time | 0.12s

Mass 1.2 kg

Table 9.3: Testbed properties

action with different offsets results in the desired variable stiffness.

Taking all the aforementioned design considerations into account, the key char-
acteristics of the joint prototype were selected according to Tab. 9.3.

Next, the layout of the elastic torque characteristics is discussed to complete
the design process.

9.3.2 Torque characteristics layout

Torque 7;(¢,0) Stiffness K;(77,0)

T [Nm]

02 01 01 02

¢ [rad] - Ty [E\Tm] )

Figure 9.5: Centering elastic joint torque over displacement curves for different stiffness presets (left). Stiff-
ness values over elastic join torque (right).

For the shape of the torque/displacement curve an exponential characteristic
is considered to be well suited, see Tab. 9.2. This is due to the fact that it
results in a set of relatively constant stiffness curves over a wide load range,
while providing large stiffness adjustment ranges at the same time. It allows
moderate progression towards the elastic limits to protect the joint from strike
through. The exponential stiffness has the general form

T = aeb®=9) — aeb((g_q)_a), 9.4)

where o € R denotes the displacement of the stiffness preset actuator. The

corresponding stiffness is K; = %L;. o is also an upper limit for the elastic
deflection ¢ which can be obtained for a given preset.
ol =100 -g)f <o 9.5)

a,b € R are design coefficients for setting the maximum torque and the elastic
joint characteristic, which are chosen to be a = 40.0 Nm and b = 15.0 rad L.
Therefore, the joint torque for the implemented design becomes

77 = 40e'2¥79). (9.6)
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a denotes the torque at which the stored energy equals the maximum poten-
tial energy of the springs. For the full design of the hand-arm system (see
Fig. 9.1) it is planned to use the even less progressive exponential characteris-
tics e!2(9=9) for each joint in the arm?. Thus, a is varied according to the desired
maximum torque value and the available spring energy. The geometry of the
joint, in particular of the cam-roller mechanism, is derived from this target
torque curve. The superposition of the two opposing elastic elements results
for the complete joint model in a centering torque

T = 40(615(@70) — 615(7@70)), 9.7)

leading to the torque/deflection curves shown in Fig. 9.5 (left). The corre-
sponding stiffness adjustment range is shown in Fig. 9.5 (right). It is visi-
ble that changing 7, or 7.y (due to gravity or real external loads) results in
only moderate change of stiffness until deflection comes close to the end of the
elastic range. In the nominal torque area, stiffness can be varied from below
100 Nm/rad to more than 550 Nm/rad.

Given a current torque 7; and a desired stiffness K ; 4, one can solve the system
of equations for ¢ and o.

1 K
o = Etanh_l (b—“> (9.8)
TJ
6 = —=In T (9.9)

9.3.3 Model of the QA-Joint

The applied dynamics model of the QA-Joint incorporates the full motor dy-
namics, the elastic nonlinear joint torque as described in the previous subsec-
tion, and the link side inertia. Furthermore, the friction and gravity torques
are taken into account. In [17] a generic model for variable stiffness joint based
on Harmonic drive gears was derived, which incorporates even the precise
gear dynamics. However, in the present context such effects can be neglected,
leading to a concise formulation.

B = 1,—-1s (9.10)
MG = 77 —TF —Tg— Text (9.11)
B,M € R are the motor and link side inertia, respectively. 6,q € R are the

motor and link side position, and 7,,,, 7.7, TF, 74, Text € R the motor, elastic, fric-
tion, gravity, and external torque respectively. Please note the assumption that

*The full arm design was shown at the most recent trade fair AUTOMATICA2010 in Munich.
However, please note that the final joint design is a combination of the two prototypes used in
this thesis. The first four joints of the arm are equipped with the so called FS] mechanisms.
Analogue to the VS-Joint, the torque is generated by a rotational cam disk and roller system.
Furthermore, the FSJ is equipped with two opposing cam profiles, which originates from the
QA-Joint. This leads to a similar torque-deflection profile as for the QA-Joint.
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the stiffness actuator dynamics has no significant dynamic influence on the
joint drive and the link. As will be shown in Sec. 9.3.4, the dependencies on
the friction torque are given by the elastic deflection, load, and stiffness preset
of the joint (for the QA-Joint this is the internal tension). The position mo-
tor is PD position controlled for the identification phase, while motor torque
saturation is taken into account.

Tmax Td Z Tmax

Tm =14 Kp(lg—0)+ Kp(Og—0) 700 < 7y < phax (9.12)
,7.7rrrllin T4 < ,7.7rrrllin

Kp,Kp € RT are the control gains, 6, € R is the desired position of the posi-
tioning motor, 7%, 7™ are the maximum and minimum torque of the motor

(rmin — _7maxy and 75 = Kp(f4—0)+ Kp(84—6) € R the desired torque of the
motor controller. The structure of the nonlinear system is depicted in Fig. 9.6.
Please note that the friction torque is modeled as pure nonlinear, parametric

Coulomb friction, depending on sgn(¢).

|

Motor model

PD position control

>

6,

Figure 9.6: Block diagram of the QA-Joint

9.3.4 Joint identification

In order to generate the data for identifying the real elastic behavior and fric-
tion, the link is mechanically fixed (Fig. 9.7 (left)) and the position motor drives
with different velocities at various stiffness presents within the elastic joint
limits. The implemented sensors for identification are motor position sensors
for 6,0, q and a link side joint torque sensor. The resulting measurements, to-
gether with the ideal model of the joint are given in Fig. 9.7 (right) and Fig. 9.8
for cyclic rectangular motions with §; € {30 60 90} °/s. The real behavior
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@ [rad]

Figure 9.7: QA-Joint with clamped link (left). Experimental friction torque over elastic deflection compared
with the model friction (right).

is characterized by a hysteresis and significant deviation from the ideal one>.

The real torque characteristics 77(6,q) € R are estimated from the measure-
ments. They are assumed to be the center lines of the hysteresis and are calcu-
lated as the arithmetic mean of the measured hysteresis. For the identification
the following model is used, leaving the coefficients of the exponential func-
tion ag, bs € R free for optimization.

7 = agel15(e=0) _ pgo(15(—p=0)) (9.13)

The compliance of the stiffness adjuster is directly taken into consideration
by calculating ¢, since its position is directly influencing this calculation. The
parameter estimation of ag, bs is realized with least square error optimization.

y:Msz[aS], (9.14)
bs

where M € RV*? is the data matrix consisting of the exponential parts, y €
RY*! the measurement vector containing joint torques, and ¢ € R?*! the pa-
rameter vector. The calculated center line is denoted as Tycan. Obtaining p is
performed by calculating the pseudoinverse of the observation matrix.

E=MTM)TMTy (9.15)

*Please note that for all experiments except the control performace in Sec. 9.6.5 simple motor
side PD control is used in order to fully exploit the intrinsic elastic capabilities of the joint.
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o | ag[Nm] | bs [Nm] || ar [Nm] | b [Nm]
3¢ 26.2760 26.2221 2.5172 3.8480
59 26.6049 | 27.1703 2.6125 3.2755
7° 26.8106 | 27.8989 2.9776 3.1582
9° 26.4714 | 28.4042 2.3106 3.0784
11° | 26.3446 | 28.6174 2.8776 3.3393
13° | 26.0417 | 29.1079 2.4160 3.3339
15° | 22.7286 | 30.1821 3.3058 3.3004

Table 9.4: Identified compliance ag, bs and friction coefficients ar, br.

. 7y [Nm]

I I I I I I
-15 -10 -5 0 5 10 15

Figure 9.8: Comparison of the measured and expanded simulated model.

The results of this calculation are given in Tab. 9.4 (first two columns). The
real stiffness coefficients vary up to ~ 35 % from the theoretical values. The
asymmetry of the real values, which grows with increasing stiffness, can be ex-
plained by the slightly elastic behavior of the stiffness adjuster. Furthermore,
the real friction torque 77 depends on ¢ and ¢. No relationship between veloc-
ity and friction could be observed, so viscous effects are neglected as already
mentioned in Sec. 9.3.3, see Fig. 9.6.

Figure 9.7 depicts the friction torque for different values of o. The results in-
dicate an exponential relation between ¢ and 7x. A closer look shows a linear
relation between 7; and 7r. Therefore, is seems reasonable to model the fric-
tion as a sum of the torques resulting from the force input by each spring. This
way the load free friction (¢ = 0) can be established and explained by the inter-
nal tension of the joint, increasing with growing o. This leads to the following
friction model.

Tr(p) = ape15e=0) 4 pe(15(=¢=0) (9.16)

The coefficient estimation is again obtained by least-square error regression.
The same structure as the one for the elastic joint torque can be obtained, ex-
cept for the different sign for b . The obtained coefficients are given in Tab. 9.4
and a comparison of the measured and expanded model is shown in Fig. 9.8.

Next, the control scheme for providing active vibration damping of the intrin-
sically poorly damped joint design is outlined.
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Figure 9.9: Block diagram of the setpoint computation, control loop, dynamics model, and model based
torque and stiffness computation of the QA-Joint.

9.3.5 State feedback controller

Using a model based torque and stiffness estimation together with the known
link side inertia, a full state-feedback controller with gain scheduling is used.
The method developed in [17] is utilized for motion control with active vibra-
tion damping of the intrinsically low damped joint. The stiffness actuator uses
simple PD control. In the following a brief overview of the full state-feedback
controller is given.

Figure 9.9 depicts the control structure of the joint. In order to set a desired
link position and nominal load stiffness a setpoint computation is carried out.
The position motor controller consists of the state feedback loop

Tm:Tm7ff+kp9~+kD9~+kT7~'J+ks7L'J, (9.17)

where kp, kp, kr, ks are gains depending on B, M, K 7, and the gravity poten-
tial 8(99—(;). The gains are optimized such that critical damping for the linearized
system is achieved and they stay within practically feasible bounds. The feed-
forward term and the desired torque are given as

Tmff = Bba+ Mg+ g(qa) (9.18)

Ta = Bia+ 9(qq). (9.19)

In the next section, the theoretical foundations to optimally excite a VSA joint
to achieve maximum link side velocity are systematically developed.

For maximizing the link side velocity, vibration damping is again switched to
a simple motor side PD control in order to utilize the eigen vibrations of the
system, which would otherwise be damped out.
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case | model | solution | achieved insights

A Velocity source + SEA analytical principal effect of significant joint elasticity

B PT1 + SEA analytical influence of constrained motor dynamics, 1st order

C PT2 + SEA analytical influence of constrained motor dynamics, 2nd order

D PT2 + SEA + JTF numerical influence of joint torque feedback on motor inertia

E PT2 + SEA + JTF + CD numerical influence of deflection constraints

F Velocity source + VS analytical principle effect of stiffness adjustment

G Velocity source + VS + CD numerical influence of stiffness adjustment and constrained deflection
H PT2 + VS + CMT numerical real VIA design behavior and constrained motor torque

Table 9.5: Analyzed models (SEA= Series Elastic Actuation, JTF = joint torque feedback, CD = constrained
deflection, VS = variable stiffness, CMT = constrained motor torque).

9.4 Performance increase through joint compliance

In this section the theory to maximize the link side velocity of a variable im-
pedance joint is developed and the results are experimentally verified. For
solving this problem, methods from optimal control theory are used*. In order
to systematically analyze the different effects and constraints, the complexity
of the used models is increased and analytical solutions are derived if possible.
Table 9.5 depicts the consecutive steps made and points out whether analyti-
cal or numerical solutions were obtained. First, the constant stiffness case (case
A) is solved with different motor models (case B+C+D). Then, the presence of
bounds on the state variables (case E) is incorporated, the influence of adjust-
ing the stiffness (case F+G) is anlayzed, and finally experimental results on
the DLR QA-Joint (case H) are discussed. Each step contributes particular in-
sights, as e.g. the influence of constrained motor dynamics, constraints on the
elastic deflection, or stiffness adjustment, which makes it possible to formulate
a full view on the problem. As mechanical damping is usually unwanted due
to energetic arguments, most VIA implementations realize damping via active
control and not through a mechanically complex solution. Therefore, damp-
ing is not cinsidered, i.e. D; = 0. Furthermore, K; = 07 is assumed for the
theoretical analysis in order to keep it clear for the reader. Therefore, only o
is used to denote the stiffness actuation variable from now on. In general the
present section extends the initial results from Chapter 8.

9.4.1 Maximization of link velocity

As systems whose state space equations do not explicitly depend on time are
assumed, the description of their dynamics is a system of differential equations
of first order.

X(t) - f(X(t)7 u(t))7 (9.20)

with x and u being the state vector and control input, respectively. For achiev-
ing an optimal control input, a general optimality criterion is usually to be
chosen such that the timely evolution of x(¢) and u(t), as well as the final state
of the system x(ts) are weighted with respect to each other. Therefore, an in-
tegral cost functional is a reasonable choice, as it weighs the final state with

*For the basics of optimal control please refer to Sec. 13
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the function h and the timely evolution of the state and control input with
integrating the function g.

ty
7= hixttp)tg) + [ gt a0 de 9.21)
0
Together with the Hamiltonian
H(x(t),A(t),u(t),t) = g(x(t),u(t),t) + AT f(x(t), u(t),?) (9.22)

the constrained optimization problem is transformed into a problem without
constraints. However, in order to maximize the link side velocity at a certain
time instant ¢, only, (9.21) reduces to:

J = h(x(ty),ty)) = d(ty) (9.23)
Since no other constraints are taken into consideration (9.22) reduces to

H(x, A, u,t) = AT f(x(t), u(t), t). 9.24)
For the optimization of the final state the boundary conditions of the adjoint

equations result from the transversality condition

Alty) = 6};(3 ). (9.25)

Together with the initial boundary conditions of the state space equation and
the final boundary conditions of the adjoint equations this leads to a two point
boundary problem. The partial derivatives of the Hamiltonian with regard to
the state and co-states define a canonical system of differential equations that
needs to be solved:

. OH
Rl (9.27)
ox

Next, models of increasing complexity are analyzed in order to elaborate the
fundamental aspects about optimizing the link side velocity at a certain time
instant ¢ .

9.4.2 Optimal control for linear cases

In this section the constant elasticity case (X ; = const.) is treated. Stiffness ad-
justment and other nonlinear effects are discussed in Sec. 9.4.3 and Sec. 9.4.4.
For the first model the motor behaves as a velocity source, which gives insight
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into the principles of utilizing joint elasticity. In order to investigate the influ-
ence of motor dynamics on the switching trajectory, the motor is considered
to be position controlled. Both PT1 and PT2 behavior are investigated for the
controlled motor. In a first step the influence of the elastic joint torque feed-
back on the motor inertia is neglected as this allows to find a closed solution®.
Finally, the feedback of the elastic joint torque is also considered. The actuat-
ing variable u is chosen to be the desired motor speed ;. The proportional
and damping gain values for the motor controller are denoted as Kp and Kp,
respectively.

As the principal approach is the same throughout this chapter, the relevant
equations and conditions are summarized for the interested reader in Tab. 9.6
and focus is only laid on the most significant general insights in the following
description. Table 9.6 lists the system dynamics (1), the state and input vector
(2), the state space equations (3), the Hamiltonian (4), the adjoint system (5),
the boundary conditions (6), and the solution of the switching system (7). The
eigenfrequency is denoted as w = /K ; /M.

Since all system equations (row 3) are linear in u, Pontryagin’s maximum prin-
ciple leads to bang-bang control. The optimal switching functions are the
terms of the particular Hamiltonian (row 4) that linearly depend on u. To-
gether with its final conditions (row 6) the adjoint equation system (row 5)
forms a final value problem.

For case A following solution is obtained for the relevant adjoint A;.

A = wsin(w(t —ty)) (9.28)

The switching law is therefore

07 = Omax sgn(sin(w(t — t7))). (9.29)

This rectangular function, whose frequency is the resonance frequency of the
joint has a phase shift that depends on ¢; in order to maximize the link side
velocity at this particular time instant. Figure 9.10 depicts an example for the
solution of the adjoint and system equation as well as the input. This result
leads to the conclusion that with half period ¢ = w/(47) the link side velocity
is doubled.

As for case A, the optimal control trajectory of case B is also derived from
Pontriyagin’s maximum principle. The solution is again linear in u and thus
of bang-bang type. The switching times depend for case B on sign(\2), which
is found to be

>Please note that the stiffness of the motor PD controller is three order of magnitudes larger
than the joint stiffness. Therefore, the effect of the elastic torque is expected to be reasonably
small to neglect this effect. Later on this will be confirmed with realistic simulation parameters.
Furthermore, the result for the optimal control basically leads to switching the motor velocity
sign when the elastic joint torque is zero, i.e. it does not significantly affect the motor velocity
during the switching duration.
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Figure 9.10: Solution of the adjoint and system equations.

Ao (t) = <BQKJ ew — B2K cos (w (t — ty))
(9.30)

—BKp sin(w(t—t;)) VE; M) (Kp2M + K, B%) .

Compared to case A the switching condition consists of an additional trigono-
metric and exponential lag term. However, the principal structure remains the
same.

For case C the solution is also similar to the previous ones, except for some
additional trigonometric and exponential terms. Again, they do not alter the
principal switching structure. The switching condition is

Kp,  KpKjB
A1+ ?)\3 = ~1 o8 (w(t—ty))
K;BKp—K;Kp?— Kp2M)\/K; M
+( o F ! ;1 M) 4 sin (w (t —ty)) (9:31)
X4 (tftf)(XQJﬁKD) X3 (t—tf)(—X2+KD)
2B 2B
T xixe® T xixe’

with
X1=K;Kp’M+ K;*?B*—2K;BKp M + Kp>M?

X2=+/Kp?>—4KpB

X3=1/2K;B <72KJBKP +2Kp’M + K;Kpy\/Kp?—4Kp B + Ky KD2> (9.32)

X4=1/2K; B <2KJBKP72KPQM+KJKD\/KD274KprKJKD2>.

In order to complete the motor model, the feedback of the elastic joint torque
shall be considered now (case D). Table 9.6 lists all relevant equations and also
the switching law. However, an analytical solution could not be found for this
system. Therefore, numerical methods have to be applied. Since the adjoints
are not coupled with the system’s differential equations they can be solved
with the Runge-Kutta method via numerical integration.
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Figure 9.11: Comparison of the different models.
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A comparison of the different motor models is depicted in Fig. 9.11, showing
the dynamic response of 6 for 64, being the step function. Two main observa-
tions can be made: The significant switching time between PT1 and PT2 and
the negligible influence of the elastic joint torque 7; on the motor response of
the PT2 model.

The main conclusions up to now are

* Motor dynamics do not influence the principal switching structure.
¢ Every delay element leads to a phase shift of the switching times.

¢ No analytical solution was found, when adding the influence of the elas-
tic joint torque 7.

¢ Insufficient motor dynamics lead to a saturation of the characteristic ve-
locity increase curve (not described for brevity).

In the next section the influence of an important real-world constraint of VIA
joints is discussed: the elastic deflection limit @pax.

9.4.3 Constrained deflection

¢¥max can be expressed as an inequality constraint on the difference of motor
and link side position. Its second derivative incorporates the control variable.
Thus, the order of the constraint is ¢ = 2 and one contact point exists®.

SO = (6 - q) = Pmax <0 (9.33)
S = h-¢ <0 (9.34)
S@ = (-4 <0 (9.35)

The formulation of the optimal control problem with constraints is based on
the model of case D. The Hamiltonian is extended by a term that incorpo-
rates new Lagrange multipliers p. In total one obtains an 11th order canonical
system of differential equations with side constraints. For contact points the
conditions given in [34] count. This leads to a jump in the adjoint variables for
the contact time ¢;,. Because %S—m(j) = 0 and for choosing 1 = 0 the jumping
conditions may be written as

_ ds©)

M(t) = Xa(ty) + po o (9.36)
_ ds©

M) = Aalty) + po doy (9.37)

®A single contact point is assumed in order to formulate an unilateral deflection constraint
only.
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leading to

Xo(t) = Xalty) + po (9.38)
M) = Xa(ty) — po

The additional trivial differential equation is
fio = 0. (9.39)

The full system of equations can be solved with a numerical multiple-shooting
method as e.g. described in [35, 40].

z‘ 8
< 6 X
— R - -0,
= = =8, [rad/s] iy g 1 —
S 2 —
(&)
W
0 0.5 1 0 0.5 1
t t
tr ty

Figure 9.12: Optimization with limited elastic deflection. sf denotes the switching function.

Figure 9.12 depicts such a numerical solution of the multi point boundary value
problem (MPBVP) obtained with the multiple-goal method implemented with
the program BNDSCO [208]. For the constrained deflection case the optimiza-
tion aims at the maximal elastic deflection (upper right). The optimal switch-
ing time is defined by keeping the constraints, rather than resonant excitation.

In the next section it is discussed to what extent the stiffness adjustment during
motion contributes to an increase in maximum link side velocity.

9.4.4 Stiffness adjustment

First, the influence of stiffness adjustment without a deflection constraint is
taken into consideration and then the effect such limits have is analyzed.

Unconstrained deflection

In order to elaborate the effect of stiffness adjustment, the underlying model
for this analysis is chosen to be the one of case A. The joint stiffness is now
considered as an additional control input. Overall, the system equations are

0= / g dt  with Opmin < 0 < Opax (9.40)
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Mq = KJ(t)(e - Q) with KJ,min < KJ(t) < KJ,maXv (941)

with x = [0 ¢ |7 being the state vector and u = [§4(t) K(t)]” the control
input vector. The canonical system of differential equations is

i o= w (9.42) A= =g (9.45)
&y = x3 (9.43) Ao = Agw? (9.46)
. U .

by = gi(an—a2)  (944) As = —Mo (9.47)

The corresponding Hamiltonian can be derived as
H(x(t),A(t),u(t),t) = Mur + Aows + A3 53 (z1 — 22). (9.48)

The Hamiltonian is linear in u; and us, leading directly to following switching
laws.

. émaxa >\1 >0
9:2 = Hmin7 A <0 (949)
singular, A} =0

KJ,maX, )\3$1]\4;$2 >0
Kig=1 Kimin,2 MAZ22 <0 (9.50)
’ singular, A3 =0

Due to the bang-bang structure of the desired stiffness the solution of the ad-
joints is similar to (9.28):

[ U2 max . U2, max

U2, max
P — 3 SR — ¢ .52
3 CO&( i ( f)> (9.52)

This solution is derived for ¢ > t; — fmex = ¢, — T, /%. It is not straight

forward to obtain the full solution for the system in case ¢; > Zmex. For this, all
switching times have to be found in order to identify the initial conditions for
each cycle. For the present case two adjoints influence the switching condition.
A1 determines the excitation of the system with f;. The stiffness switching
function is characterized by two terms. First, the sign of the elastic deflection
sign(z; — x2) and secondly, the switching function As.

Constrained deflection

Based on Sec. 9.4.3 it is clear that the stiffness adjustment between maximal
elastic deflection (maximum potential energy stored) and the time instant of
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maximal velocity (moment of launch) is critical. Therefore, the maximization
of the Hamiltonian (9.48) during this particular time interval is investigated.
The term containing the stiffness us and the elastic deflection (z1 —x2) = (0—q)
is to be maximized.

max {)\3%(561 — acg)} . (9.53)

(x1 — x2) is always larger than zero between the moment of its maximal value
and launch. The maximal value will be achieved the earliestat ¢y — ﬁ Due to
the transversality condition Oh(x(ts))/0x3 = 0¢(ts)/0¢ = 1 the last adjoint A3
reaches its maximal value A3 = 1 at ¢t (see (9.52)). Furthermore, it changes its
sign also at a quarter of the periodicity before the launch time. The switching
function A3 is consequently positive in the considered time interval. This leads,
according to the maximum principle, to maximizing the stiffness (see (9.50))
towards the moment of launch.

Kj} = KJ,max ty <t < 75f (954)

Up to now, it was assumed that the stiffness trajectory before the boundary
point does not influence the end velocity. Therefore, it would be reasonable to
set the stiffness to its maximum value during the throwing trajectory without
additionally adjusting the stiffness. However, from a practical point of view it
may be necessary to start the motion at low stiffness adjustment and enlarge it
towards the launch time. This can have three main causes:

¢ The motor dynamics is not sufficient to excite the joint at maximum stiff-
ness at the corresponding eigenfrequency.

¢ The motor power is not sufficient to deflect the joint with an adequately
low number of switching cycles.

¢ Limits on the elastic deflection can lead to higher energy storage for
lower stiffness ranges due to higher possible deflection than for higher
stiffness presets.

The last aspect can be explained with Fig. 9.13 and is caused by the imple-
mented working principle of the VIA mechanism. The left figure shows two
different linear stiffness curves for which the maximum deflection is constant
for all presets. On the right one a characteristic is depicted, where a functional
relationship between maximum deflection and stiffness preset exists.

First, the former is discussed. According to the maximum principle the Hamil-
tonian is maximized through the entire motion process and therefore the joint
stiffness as well. Consequently, the potential energy stored in the joint elas-
ticity is maximized for every deflection. This is not optimal for changing the
stiffness, on the contrary, it reduces the achievable link velocity.

For the latter characteristic the maximum elastic energy that can be stored de-
pends on the deflection. For large deflection a soft preset and for small deflec-
tion a stiff one are preferred. Maximization of joint torque is therefore directly
coupled with adjusting stiffness along the admissible deflection.
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Figure 9.13: Deflection limits ¢max for different stiffness presets o. The left figure shows a design, where
(max is constant for every o and the right one depicts a functional relationship between ¢max and o.

Next, the analysis for a concrete joint design is discussed and various experi-
mental results are presented.

9.4.5 Performance analysis for the QA-Joint

In this section the elaborated insights are applied to the DLR QA-Joint.

Without stiffness adjustment
For the QA-Joint the elastic joint torque 7; was already defined as

7 = 40(e!P(#70) _ 15(~¢0)) (9.55)
so the mapping 0 — K; = 07;/0q is a nonlinear function. With the state
vector xI = [0 0 6 q {], u = 04 and initial conditions x*(0) = [0 0 0 0 0] the

following system of differential equations is obtained when assuming elastic
torque feedback and PT2 motor behavior.

atl:u 3'52:353 .7:'3:%(7:771—7:]) .%.'4:1'5 i‘5=TMJ (956)

Tm denotes the bounded motor torque

max
Tm,max Tm,d > Tm
~ _ min max
Tm = Tm,d T < Tmd < Ty
min
Tm,min Tm,d < Tm,d>

(9.57)

with 7,,, ¢ = Kp(u — x3) + Kp(z1 — x2) being the desired motor torque from
the PD controller. The Hamiltonian is

1 1
H() = Mu+ Xz + AgE(%m —75(0)) + M5 + )\5MTJ(O'). (9.58)
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The optimal control problem to be solved consists of a system of differential
equation of 11th order (adjoint and system equations), including the additional
trivial differential equation if taking into account the elastic deflection limit
with one boundary point, see Sec. 9.4.3. The nonlinearity causes a coupling of
the adjoint and state equations, leading to a MPBVP with separate initial and
end conditions for the canonical system of differential equations’. The limits
of motor torque eventually lead to a necessary formulation of boundary con-
trol. Solving this problem with multi-goal methods turned out to be unstable.
This is because on the one side 5n starting conditions need to be estimated for
n nodes and their deviation from the solution is highly influencing the con-
vergence of the method. Furthermore, a physical interpretation of the adjoint
variables is also not given. Thus, the estimation of their start values would
lead to a solution that is not straight forward.

A possibility to solve this optimization is a parameter estimation method by
utilizing the information that the optimal control trajectory shows bang-bang
behavior (which comes from the linear occurrence of the input into the state
equation). This is also independent from the limit in motor torque 7, (see
(9.57)), as the principal structure of the Hamiltonian remains the same regard-
less of the saturation®:

H()‘(t)a u(t)) = ()\1 + >\3K_E?> U, Tmmin < Tm,d < Tm,max (9.59)
H()\(t), u(t)) = )\1U, (Tm,d < 7'm,min) \ (Tm,d > 7'm,maLX) (960)

The parameter to be estimated is the switching time. The optimization is car-
ried out by multiple solving of the system equations with the jumping times
in the control variable being timely varied via appropriate optimization. The
algorithm applied is the Nelder-Mead simplex downhill method with the fol-
lowing optimization criterion.

J=—q+J, (9.61)

0 Pmin < @ < Pmax
J, = 9.62
P { exp (|| — Ymax) ] > @max ( )

Complying with the constraints is ensured with penalty term J,,.

Under the premise of achieving maximal deflection with one switching cycle
(throwing with striking out once), a limited velocity range for the position mo-
tor complies. On the one hand, a minimum velocity for achieving the maximal
deflection is needed and on the other side there exists a maximum velocity at
which the constraint still can be ensured. The simulation results are depicted

"The adjoint system is given in Sec. 13.5.
8Please note that only the relevant term of the Hamiltonian is shown, which linearly depends
on u.
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Figure 9.14: Final link velocity as a function of motor velocity.
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Figure 9.15: Relative final link side velocity as a function of motor velocity.
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in Fig. 9.14 and Fig. 9.15. The red marked points on the theoretical graphs were
experimentally verified (green crosses).

Figure 9.14 shows the achievable final velocity as a function of commanded
motor velocity characterized by the almost linear relationship. This induces
a continuous velocity increase with stored potential energy. Furthermore, it
becomes clear that too low elasticity leads to a degradation of achievable link
velocity. The relative velocity increase with respect to the motor velocity at
final time is depicted in Fig. 9.15. If this relationship is considered as the speed
gain’ of the elastic mechanism, it can be stated that it degrades with increasing
motor velocity and increasing stiffness. As already explained, it is necessary to
drive with higher motor velocities to achieve the maximum deflection for low
stiffness. For the QA-Joint the largest speed gain can be obtained at §; = 65 /s
and moderate stiffness. This is equivalent to an efficiency of 2.7.

In Figure 9.16 the time courses of measurements and simulations for high and
low stiffness presets are shown. The relevant variables are the link side veloc-
ity, deflection, and the elastic joint torque.

¢ link velocity (left):
The trajectory of the link velocity shows good consistency with the sim-
ulation. At final time the velocity is approximately twice the motor ve-
locity. The deviation in joint torque is almost not reflected in the velocity
profile.

¢ deflection (middle):
In contrast to the simulation a slight exceedance of the deflection con-
straints can be observed in the lower row. This is mainly due to the vari-
ance in the identified stiffness and friction parameters, calibration errors,
and simplified assumptions for the friction model.

* joint torque (right):
The principal time course of the joint torque confirms the joint model
with respect to the identification of stiffness and friction. The discontinu-
ities in the simulation are caused by the Coulomb friction model during
change of direction.

Next, the effect of stiffness adjustment is discussed for the QA-Joint.

Stiffness adjustment

For the stiffness adjustment during the motion there are also some conclu-
sions to be drawn. For the linear joint stiffness it was shown that the relation
between stiffness and deflection is critical, see Sec. 9.4.4. For the QA-Joint this
constraint is formally defined as

“Please note that the speed gain is considered to be a relevant quantity as it relates the achiev-
able link side velocity in direct relation to the maximum desired motor velocity, i.e. it directly
denotes the relative benefit that one may obtain in principle.
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o> o € [3°15°]. (9.63)

For maximizing the Hamiltonian (9.58), following term is considered, which
explicitly depends on the stiffness adjustment o.

M

A*

AW, x(1), o) = <)\5i—)\3%> (o) 9.64)

As assumed in Sec. 9.4.4 only a stiffening during the relaxation phase is essen-
tial. Thus, the sign of ¢ does not change. In Sec. 13.5 it is shown that A\* > 0
holds during the entire adjustment phase. Therefore, 7, has to be maximized!°.

sgn (¢ —z —T2+x
Ty = geléf) {(CLS —ap)e!®@27m) — (bg + bp)e!P(T2t 4)] (9.65)

The maximization of the elastic torque in turn necessitates the maximization of
stiffness, respectively a minimization of o at every time instant. Taking (9.63)
into account the optimal stiffness trajectory is

3; p<3
of = ty <t <tg (9.66)
p; 3 < p<1b.

This means that the acceleration torque has to be sustained during relaxation
as long as possible. From an energy point of view the stiffness adjuster in-
jects additional energy such that the joint maximally stores potential energy
for a certain deflection. The potential energy that can be converted into kinetic
energy is therefore maximized at the same time.

The according experimental verification is depicted in Fig. 9.17 and Fig. 9.18.
For a moderate stiffness preset ¢ = 9 ° the achieved link velocity is 266 °/sec.,
which is approximately 20 % higher than without adjustment. From Figure 9.18
(left) it can be observed that adjusting the stiffness according to (9.66) is not
fully achieved due to too little dynamics of the stiffness motor!!. Nonethe-
less, a significant velocity increase is observed here as well. Compared to the
constant elasticity case the joint torque shows an increase from the moment
of adjustment on, confirming the theoretical requirement to maximize the sus-
taining torque during relaxation phase.

In the next section the role of joint compliance for safety in human-robot inter-
action is treated.

9.5 Compliance as a cornerstone of safety?

As already discussed in Chapter 4, one can identify two immediate sources
of possible human injury due to contact with a robot, namely sharp or blunt

!%Please note that for this case 7, denotes the ideal elastic joint torque plus the friction model.
!"Please note that the stiffness adjuster is assumed to show ideal behavior for the simulation.
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Figure 9.19: The LWR-III equipped with a knife moves along a desired trajectory. The penetrated material is
a silicone block. This experiment shows the benefit of intrinsic or controlled joint elasticity during impacts
with sharp tools. The goal position x4 was ~ 7 cm inside the silicone block.

contacts. Furthermore, the contact stiffness plays a critical role since it defines
the time constants of the collision. Furthermore, a reduction in joint stiffness
cannot reduce the impact characteristics during rigid, fast blunt impacts for
robots with similar link inertia to the LWR-III when reducing the stiffness from
the quite high intrinsic values of the LWR-III to lower levels.

In case of injury caused e.g. with a slower motion, by sharp tools, the scenario
changes drastically. In Chapter 5 the focus of possible injuries in human-robot
interaction was extended to various soft-tissue injuries as stab wounds and an
extensive evaluation was given. The effect of the joint compliance in case that
the robot has a potentially dangerous tool is discussed in the following.

9.5.1 Sharp contact

As shown in Fig. 9.19 the LWR-III, in this case holding a knife, moves along a
desired trajectory in position or joint impedance controlled mode, penetrating
a silicone block. Although it is clear that the contact force will increase slower
the lower the joint stiffness, it is not apparent what the maximum forces will be
with such dangerous tools. According to [95] already contact forces of < 80 N
are enough to penetrate the human skin and cause further injury with a knife
in case of stabbing.

While moving in position control the joint stiffness was ~ 6000 Nm/rad and
during joint impedance control only 100 Nm/rad 2. In Figure 9.20 the pene-
tration force and depth during such a movement are visualized for these joint
stiffnesses. It shows that with low joint stiffness the force and penetration
depth increase much slower and for this particular trajectory one presumably
could prevent damaging the human skin. The fundamental question regard-
ing the point at which intrinsic joint stiffness is advantageous compared to

2The bandwidth of the controlled stiffness is high enough to emulate the behavior of a vari-
able stiffness joint during an impact with soft material.
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Figure 9.20: Contact force and penetration depth for two different Cartesian velocities of 0.1 m/s and
0.45 m/s. Clearly, the benefit of (active) joint stiffness reduction is apparent. The force level can be de-
creased even below levels which would potentially harm a human, whereas in position control the force
significantly exceeds this threshold. The goal position x4 was ~ 7 cm inside the silicone block.

actively controlled one is still to be answered. Generally speaking, this means
to find the impact velocity and stiffness above which a controlled stiffness is
no longer capable of realizing the required decoupling.

However, this experiment clearly shows the enormous benefit of actively con-
trolled and intrinsic joint compliance: A possible collision detection and reac-
tion scheme as presented in Chapter 3 gains valuable time for detection and re-
action since the potential injury, correlating with penetration depth, increases
significantly slower compared to the case of a stiff robot. However, in Chap-
ter 5 it is also shown that injury can be prevented even in position control to a
certain extent.

9.5.2 Blunt contact

Usage of intrinsic joint compliance is mostly motivated by the achievement of
motor and link inertia decoupling during human-robot impacts and therefore
reducing collision danger by alleviating the impacting robot inertia. Further-
more, it was shown that the Head Injury Criterion (HIC), which is a criterion
associated with resulting head acceleration, as well as similar head injury crite-
ria could be reduced by introducing elasticity in the joint design. Some typical
properties during blunt impacts and the role relevant mechanical parameters
play are discussed now.

As pointed out in [26] a joint with relatively low reflected link inertia M, =
0.1 kg is able to reduce the impact characteristics significantly if a contact stiff-
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ness of Ky = 5 kN/m is assumed. Basically, the following conditions were
assumed:

stiff :  B,>> M, M, << My Kj;>>Kpy (9.67)
compliant : By >> M, M, << My Kj, << K, (9.68)

where M,, My, Ky € RT are the reflected link inertia, head mass, and head
stiffness. B, K, € RT are the reflected motor inertia and joint stiffness, re-
spectively. Similar to the work in [308] it was shown that a decrease in joint
stiffness can significanlty reduce the impact characteristics and thus is a pow-
erful countermeasure against large contact forces. In [221] it was deduced that
for the case of a 2DoF planar intrinsically compliant robot, already slightly
touching a rigid wall with its second link, the compliant mechanism can limit
the maximum static force/torque effectively if the motor torque is slowly in-
creased. The corresponding conditions are

stiff : M, ~0 B, << Mg Kj,<Kpg (9.69)
compliant : M, ~0 B, << My Kj, << Ky (9.70)

In the cited work fundamental insights into the aspects joint elasticity plays for
safety at different impact conditions were given. Itis clearly demonstrated that
joint elasticity decouples the motor from the link. However, as was indicated
in Chapter 4, it was observed that a reduction in joint stiffness cannot reduce
the impact characteristics during rigid, fast blunt crash-test dummy impacts
for the LWR-III. This was proven by measuring the decoupling of motor and
link inertia via the integrated joint torque sensor and the additionally recorded
external contact force. This is unexpected and shows that the compliance of
the built in Harmonic drive and the joint torque sensor is sufficient to decou-
ple motor from link, making it unnecessary to further reduce joint stiffness for
the given robot. There are two main aspects, which have to be considered to
fully understand this result. On the one hand, the contact stiffness of the used
crash-test dummy is significantly larger (K ~ 10° N/m) than the reflected
elasticity of the LWR-III (K ;, ~ 10° N/m). Furthermore, the reflected motor
and link inertia of the LWR-III are B, ~ 13 kg and M, ~ 4 kg for the inves-
tigated configuration, i.e. in the order of magnitude of the head mass. The
corresponding mass and stiffness relations are therefore:

B, >M, M,~ Mg KJ71<<KH (9.71)

This aspect is not unique to the LWR-IIIL, but of more general characteristic.
Consider the simplest two-link manipulator (g;, ¢2), having only point masses
mi, mg at the distal end of each link. The associated Operational Space mass
matrix in body coordinates may be written as

sin”(g2)

Mx(‘]) = 0 -

(9.72)

mg—l-m—l 0 ]

The z—axis is pointing along the main axis of the second link. When consid-
ering the stretched out configuration and hitting the head in y—direction, the
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reflected inertia in this direction is simply my. Now it is assumed that the
arm has human-like inertia properties with link weights m;»> ~ 2 kg. This
is an ambitious target weight for a full robot with similar torque capacities as
the human as there is no manipulator yet available that posesses such desired
properties. However, this would mean that the impact mass involved in the
robot-human impact is M, = 2 kg, i.e. M, ~ Mp. Since the contact properties
of human facial bones are also in similar range as the dummy head condition,
(9.71) can be assumed to be realistic, since such a light arm would have at least
similar flexibility in the joints as the LWR-IIL

9.6 Bluntimpact dynamics

In this section simulation results are presented of impacting the QA-Joint (1DoF)
at different impact speeds and stiffness presets with the human head and
abdomen. Furthermore, some theoretical insight are formed on the intrinsic
properties of human-robot collisions with VIA joints. For the simulations fol-
lowing model is assumed

Bl = 1, —1s(p,0) (9.73)
Mg = TJ(% U) — TF — Tg — Text, (974)

where B, M € RT are the motor and link side inertia. 8, ¢ € R the motor and
link side position, ¢ = 6 — ¢ the elastic deflection, and 7,,,, 77 (¢, 0), TP, Ty, Text €
R the motor, elastic, friction, gravity, and external torque. o € R is the stiffness
adjuster position. For sake of clarity 77 = 7, = 0 is assumed.

For the DLR QA-Joint the elastic joint torque is defined as
77 = 40(eP0=D=0) _ 15(=(0=0)=0)y (9.75)

For details on the human models used in the impact simulations to generate
Text Please refer to Appendix 12. Furthermore, the state feedback controller in-
troduced in [17] and outlined in Sec. 9.3.5 is used for achieving good tracking
performance of the QA-Joint. For all collision simulations a smooth trape-
zoidal velocity profile is commanded to hit the human body part at constant
link velocity and without significant elastic deflection. In addition, the motor
torque is assumed to be bounded.

9.6.1 Head Injury Criterion: simulation

Figure 9.21 (left) shows the Head Injury Criterion for three different stiffness
presets and various impact velocities. The tip impact velocity ranges up to
1.3 m/s and the stiffness preset is set to very low, medium, and high stiffness
adjustment (0 € {1 6 11} deg). As already observed for rigid robots or for
robots with moderate joint compliance as the LWR-III [86, 96, 207], Fig. 9.21
supports the statement of high impact velocity dependency of HIC also for a
VIA joint. However, at the same time it becomes clear that an impact at such
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Figure 9.21: Head Injury Criterion for different joint velocities and stiffness values (left). Frontal impact
force for different joint velocities and stiffness values (middle). Abdominal impact force for different joint
velocities and stiffness values (right).

speeds with the QA-Joint is not harmful according to HIC. The HIC reaches
maximum values of ~ 10, representing a practically negligible injury probabil-
ity [96]. Furthermore, as already predicted in Chapter 4, it cannot be confirmed
that HIC significantly depends on joint stiffness. The curve is similar to the one
for a relatively stiff joint (e.g. non-negligible joint elasticity due to Harmonic
Drive and joint torque sensor). In other words, the joint inertias (motor and
link) are decoupled for all stiffness presets already. Therefore, high stiffness
of an intrinsically compliant joint is low enough to decouple motor and link
inertia during a rigid impact compared to “industrial” robot rigidity. This is
an unexpected result and significantly changes the knowledge about the role
intrinsic joint compliance plays for safety. Basically, there is no need to de-
mand more joint compliance than e.g. the intrinsic one of the LWR-III. This
observation holds already for low reflected link inertias. One may say that for
practically relevant inertias, joint elasticity in the range that is characteristic for
intrinsically compliant joints does not add additional safety for head impacts
except for such cases described in Sec. 9.5. However, please note that we refer
to rigid impacts. As already outlined in Chapter 8 low intrinsic joint stiffness
additionally increases the safety characteristics at low contact stiffness.

The main reason for this effect is that the head stiffness is very high, at two
orders of magnitude larger than the rigid joints of the LWR-III (see Sec. 9.5).

9.6.2 Frontal impact force

Figure 9.21 (middle) shows the impact force for the frontal bone, pointing out
the linear relationship between peak force and impact velocity. This simulation
also confirms that decoupling of motor from link inertia is present during all
impacts. Even though the contact forces get large, they are still far below the
corresponding fracture threshold value of 4 kN for the frontal bone. This leads
to the conclusion that frontal fractures are very unlikely to occur.
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Abdominal impact force

Figure 9.21 (right) shows the impact force for the abdomen, having similar be-
havior as the frontal impact force. For this simulation the mass of the human
is considerably higher and the stiffness is lower by two orders of magnitude
compared to the frontal skull area. However, also for this simulation the de-
coupling already applies due to the still lower joint stiffness compared to the
human abdomen. Again, the occurring impact forces are significantly smaller
than any critical value. Therefore, one can conclude that such an impact does
not cause any harm to the human abdominal area by means of the force crite-
rion. This states that a contact force of 2.5 kN must not be exceeded.

9.6.3 Maximum HIC for compliant joints

Intrinsic joint compliance is often considered to be the key to intrinsic safety [26,
61]. As argued in this part of the thesis, this statement needs some relevant ex-
tension, since there is clear evidence that under certain circumstances even the
contrary may be concluded.

Consider the effect energy storage has on head injury again by means of HIC:
An open-loop system is treated with respect to the link side position ¢. Fur-
thermore, the already mentioned decoupling effect is assumed. According to
[54] HIC can be expressed as

5 3
M, 2 3 s (My+Mg\*T 3, . s
HIC=2(— o ‘ e 5

¢ ((Mw+MH)g) a2 (sina) ( M, My ) #l%oll? (9.76)

when assuming a simple mass-spring model of the human head. % is the
Cartesian robot impact velocity. The constant « is

a = min(a*, wAtpax/2), (9.77)
where o is the solution of
3sina — bacosa =0 (9.78)

in |0, 7 /2]. Its numerical solution is o = 1.0528. w is defined as

W= \/(]\4m + MH)KH (9.79)

M, Mg

In Chapter 4 a more sophisticated nonlinear model was used for analysis which
does not allow such a solution of HIC. However, the simple mass-spring model
is sufficient for deducing some conclusions in the following. As one can see
from (9.76), impact velocity affects HIC more than quadratically. When con-
sidering the infinite mass robot M, — oo in (9.76) it becomes clear that HIC
saturates

5 _3 3 5
HIC:2g_§o¢_%(sino¢)_%MH4Kﬁ,\])'(OH? (9.80)
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Figure 9.22: Ideal HIC values for a compliant joint with constant joint stiffness and maximum motor veloc-
ity fmax = 220 deg/sec. The upper plot shows HIC for a windup time of up to % = 3 and the lower one
for up to % = 1.5.

Up to now this evaluation is for rigid robots with reflected inertia M (consist-
ing for very rigid industrial robots of the motor and link inertia) as well as for
decoupled compliant robots with link side reflected inertia M,. As described
in [106] it is possible to store a considerable amount of energy in the elastic
mechanism of a VIA joint and use it for significant speedup of the link. Very
high velocity could be achieved if one is able to apply bang-bang control with
no elastic joint limits would be present. However, some oscillation cycles are
still likely even if real-world constraints as e.g. maximum deflection are con-
sidered. Such motions would lead to very high and potentially life threatening
HIC values in case of impact, see Fig. 9.22.

In reality the limited elastic deflection ¢max is defining the maximum stored
potential energy. This leads to a maximum link velocity, which is given by
motor maximum velocity plus a term depending on the amount of the stored
potential energy

(max = émax + Aq'max (981)

The velocity increase A¢max depends on the elastic energy.

2
A(jmax = MEmax(@y 0'*)7 (982)

with Enax(p,0*) being the maximum spring energy achievable by means of
passive joint deflection. Constant stiffness preset o* is assumed for simplicity.
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The maximum elastic energy for the QA-Joint is therefore

$Pmax
Emax(¢, 0'*) = / Tdep (9.83)
0
$Pmax " Pmax *
= 40/ e — 40/ (277 (9.84)
0 0
8 *
_ §6_150_ (6_1550“13)( 4 el5§0max _ 2) . (9.85)

The corresponding velocity increase is

Adma =/ Z e 157" (e 1ooms 1 clovmns —2), (9.86)

which leads to a tip velocity & € R of

Tmax = v (émax + \/%%6—150* (e 15¢max 4 e15¢max — 2)). (9.87)

Inserting (9.87) in (9.76) leads to the maximum HIC for the QA-Joint. The
maximum motor velocity of the QA-Joint is émax = 220 deg/s and a reflected
inertia of 3.1 kg (1 kg load and M = 0.523 kgm?) is assumed. For a high
stiffness preset value o* = 15 deg (lowest possible stiffness characteristic) the
maximum elastic energy is ~ 2.67 J, which leads to an increase in achievable
link speed of ~ 1.68. This in turn increases HIC by ~ 3.6 (HIC = 94.75 in the
rigid case!®, compared to HIC = 348.73 in the flexible case). This impression
of a low value results out of the already very high given maximum motor
velocity compared to the storable energy of the spring. If ., = 80 deg/sec,
a velocity increase of 2.9 could be achieved!*, leading to an HIC increase by
14.1.

To sum up, due to its ability to store potential energy and use it for achieving
higher link speed, a compliant joint is in principle able to reach higher HIC val-
ues (for non-negligible link inertia) than its stiff counterpart'>. However, this
interpretation of safety level is also one-sided. If peak velocities are required
only for a short period of time, intrinsic joint stiffness is an effective way to
tulfill this with lighter robot design. In general, it is suggested to shift the fo-
cus of motivation for intrinsic joint compliance from achieving intrinsic safety
of the human to utilizing compliance for joint protection and performance im-
provement. Similar to stiff joints the aspect of safety needs careful analysis of
the particular design.

After this theoretical analysis on intrinsic impact properties of intrinsically
compliant actuators some experimental analysis is presented in the following.
For impact experiments are carried out with the QA-Joint and the dummy-
dummy:.

3The HIC was evaluated by (9.76).

“This is a slightly larger value than the one obtained for the full dynamic simula-
tion/experiment in Sec. 9.4.5.

1>Please note that joint compliance does not inherently come at the cost of higher joint weight.
It is e.g. possible to make some structural parts compliant without increasing their weight and
have the same energy storage effect.
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Figure 9.23: Head Injury Criterion for the QA-Joint with different impact speeds and stiffness presets.

9.6.4 Head Injury Criterion: experiments

In the following experiment the QA-Joint is equipped with an additional link
side mass and let the joint collide with the dummy-dummy. The motor and
link inertia are B = 0.993374 kgm?, M = 0.523808 kgm? and the link length
Iy = 0.5 m. The joint was commanded to move on a smooth trapezoidal
velocity profile and was controlled using the aforementioned state-feedback
controller. The measured acceleration was then used to calculate the resulting
HIC values.

In Figure 9.23 the experimental results for impacting the QA-Joint with the
dummy-dummy are shown. They support the simulative predictions well.
The calculated HIC values depend only on the link side velocity and not the
stiffness preset at all. The “over quadratic” behavior [96] is clearly confirmed
and the measured values are indicating very low injury by means of HIC. The
impact velocities ranged up to 1.8 m/s, i.e. similar velocities as investigated
for various other robots in recent work [99]. The joint shows considerably
lower HIC values compared to them, which is mainly due to the lower re-
flected inertia of the test-joint. Apart from evaluating the injury potential em-
anating from such a device, the robustness of the proposed control approach
from [17] is tested at the same time. Although the impact results in large dis-
turbance forces, it was not possible to destabilize the controlled joint.

Apart from the intrinsic properties of collisions, sophisticated collision detec-
tion and reaction schemes are needed in order to adequately react to external
disturbances. This becomes especially important during sharp contact.
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Figure 9.24: Impact evolution without state feedback control (upper block) and with state feedback control
(lower block). For readability the energies are only plotted for o = 15 °.

9.6.5 Joint protection and control performance

In order to show the shock resistance and control performance of the proposed
joint design, impact drop tests were conducted with a rigid object acting on
the link of the test joint, see Fig. 9.24 (left). Figure 9.24 (right upper and lower)
shows the behavior for three different stiffness preset values covering the en-
tire range of the mechanism. The upper row depicts the measurements with
the joint in PD position control and the lower one with full state feedback con-
trol for vibration damping. The mass of the impactor is 4.2 kg and the impactor
speed at the collision instant 1.07 m/s. The contact is rigid aluminum-brass,
leading to very large collision forces of up to 5 kN, measured with a high band-
width force sensor mounted on the impactor. The second column depicts the
elastic joint torque, which oscillates strongly up to 3.5 s after the collision for
simple motor side PD control. The state feedback controller diminishes these
oscillations effectively. Similar observations can be drawn for link speed and
energy dissipation. Apart from the control performance during these very
high disturbance forces, the collision protection due to the elastic mechanism
becomes apparent, by taking a closer look at the joint torque. Even for the rigid
stiffness preset, the maximum nominal joint torque of 40 Nm is not reached de-
spite high impact forces. Furthermore, the large benefit of stiffness reduction
can be observed. By setting the stiffness to the lowest preset, the impact joint
torque can be almost halved.

After this analysis of mostly intrinsic impact properties of VIA joints, collision
detection and reaction schemes are elaborated for intrinsically compliant de-
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vices. Although a collision detection and reaction will not reduce the impact
dynamics during rigid blunt impacts, it is still important to prevent soft-tissue
injury.

9.7 Collision detection for VSA

In this section we introduce two different collision detection methods for in-
trinsically compliant joints, based only on proprioceptive sensing and certain
model knowledge. The first one is the straightforward extension of the method
for flexible joint robots outlined in Chapter 3.3. It utilizes the measured joint
torque and the known link side dynamics, whereas the second one relies on
motor and link dynamics but does not require joint torque sensing. The esti-
mation 7 is also a first order filtered version of Tex:.

9.7.1 Generalized link side momentum observer

Similar to the collision detection method proposed for a flexible joint robot
with joint torque sensing in Chapter 3, a momentum based disturbance ob-
server can be used, which uses the measured joint torque and the known rigid
body dynamics for the VSA case as well. Instead of a designated joint torque
sensor as the strain gauge based ones in the LWR-III, the estimated joint torque
7.7 obtained from identification is utilized with a model based joint torque sen-
sor. The mathematical derivation being analogous to the one for constant joint
elasticity, except for 7y ~ 75 = f(6, ¢, o) is a possibly nonlinear relationship.

9.7.2 Generalized joint momentum observer

The second method for collision detection is also based on momentum obser-
vation. however, in this case the momentum of both the motor and link inertia
is monitored, and used for collision detection. The main characteristic of this
scheme is that it does not require identification of 7;. However, such a scheme
is sensitive to unknown friction torque.

The generalized momentum of the motor is defined as
p1 = B9. (9.88)
Its dynamics can be written as
DL = Tm — TJ. (9.89)
In a similar fashion, the link side momentum
p2 = Mg (9.90)
leads to a reformulation of the rigid body dynamics

pg =T — g(q) — Text- (991)
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Consider the momentum sum of the motor inertia B and link side inertia M
p=p1+p2= B+ Mg (9.92)

Its timely evolution can be written as

P = p1tDp2 (9.93)
= T —T7+ 77— 9(q) — Text (9.94)
= Tm — 9(q) — Toxt- (9.95)

The estimation p of p is defined as
pi=Tm — g(q) — 7, (9.96)
i.e. substituting 7y, in (9.95) with 7. Defining the weighted error dynamics as

= Ko(p— p) 9.97)

=

this leads together with (9.92) and (9.96) to
P =K / Tm — 9(q) — 7#dt — (BO + Mq). (9.98)

From (9.93), (9.96), and (9.98) one can write in the Laplace domain

st = Ko(Text — T), (9.99)
which is equivalent to
. Ky
P e S_Text- (9.100)

Therefore, a first-order filtered version of the real external torques is isolated
with 1/ K being the filter frequency. This signal can be directly used for colli-
sion detection and the appropriate reaction, taking into account full informa-
tion about external forces. The extension to the N-DoF case is straight forward.

Next, the introduced collision detection schemes are analyzed during an ab-
dominal impact with moderate joint stiffness.

9.7.3 Collision detection and reaction for the QA-Joint

Figure 9.25 (left) and Fig. 9.25 (middle) depict the impact behavior with the
abdomen at 100 deg/sec with collision detection activated. As soon as the
robot detects the collision, the desired trajectory is stopped abruptly, causing
a jump in velocity. The joint stops its motion entirely after ~ 300 ms.

Figure 9.25 (right) depicts the real external torque 7.y resulting from impact
forces and its estimations 7,72, which are given by the collision detection
schemes presented earlier. The cutoff frequency f. = 1/Kj for both observers
is chosen to be 250 Hz. Even though a small lag is therefore present in both
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Figure 9.25: Desired link position, motor position, and link position for collision detection and reaction
(left). Desired link velocity, motor velocity, and link velocity for collision detection and reaction (middle).
Real external torque, residual observer 1, and residual observer 2 (right). The reaction strategy is to simply

stop the robot.
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Figure 9.26: Desired link position, motor position, and link position for collision detection and reaction
(left). Desired link velocity, motor velocity, and link velocity for collision detection and reaction (middle).
Real external torque, residual observer 1, and residual observer 2 (right). The reaction strategy is admittance

based.
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Figure 9.27: Collision detection experiment with the QA-Joint.

cases, the proposed approaches show quick detection response. r; is charac-
terized by some discontinuities in its behavior, which stem from the incorpo-
ration of the motor torque saturation in the simulation.

Figure 9.26 depicts the collision detection and reaction for a position based
strategy. Similar to the case of the LWR-III in [48, 102], r; is used for imple-
menting

alt) = = [ Kait) dt + g (9.101)

where K4 € RT is a gain factor and g4, ¢q,. the desired position and the de-
sired position at which the collision occurred. This enables the robot to retract
from external collision sources and to show more reactive behavior than sim-
ply stopping the robot.

9.7.4 Experimental collision detection performance

Figure 9.27 depicts the result of the collision detection and reaction experi-
ment. The upper plot visualizes the position of the motor and link side as
well as the desired motor position. The lower one depicts the residual and the
moment the collision detection activates. In this experiment a simple stop is
triggered as soon as an impact is observed. The robot collides at 30 °/s against
the human arm and stops its motion as soon as the threshold 2 Nm for r; is
exceeded. This value stems mainly from model uncertainties and noise in the
order of 1 Nm. Compared to the very high collision speed in the simulations
(dd,max = 100 deg/s), we chose only ¢4 max = 20 deg/s for the experiments
in order to limit the load on the prototype. The sensitivity of the collision de-
tection algorithm for the QA-Joint is comparable to the one for the LWR-III
reported in [102].
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9.8 Summary

In the first part of this chapter design considerations for intrinsically compliant
joint designs were elaborated, which are believed to be important for building
such joints. As a consequence of these investigations a novel concept could be
realized that intends to cover the identified desired properties.

The theoretical basis for obtaining optimal control motions for VSA joints was
elaborated. The effects of motor dynamics, deflection limits, and stiffness ad-
justment were analyzed. It was proven that these novel devices are capable of
outstanding performance increase compared to classical actuation. The results
were experimentally supported and this line of work will be extended in the
future to the n-DoF case.

In the last part of the chapter the role intrinsic joint stiffness plays for safety in
physical Human-Robot Interaction was analyzed. Collision detection schemes
suited for such devices were presented and theoretically, as well as experimen-
tally analyzed. Insights concerning the inherently possible velocity increase
were elaborated and this property was discussed in the context of intrinsic
safety. It was shown that the initial motivation for such devices has to be
revised when comparing with active compliance approaches. There are two
major causes of potential injury, which are related to intrinsic joint stiffness.
One of which is dominant for each class of the two designs:

¢ Actively compliant robots: For stiff impacts, motor and link inertia are
already decoupled by the moderate joint compliance. However, for lower
contact stiffness sophisticated soft-robotics algorithms are needed to re-
alize compliance by software (otherwise the robot would be stiff due to
its mechanical design).

¢ Passively compliant robots: The decoupling of link from motor inertia
is always feasible. Nonetheless, it is possible to drive at very high speeds
due to intrinsically very low joint stiffness, low damping, and the energy
storage in the spring. In order to tackle that problem, effective vibration
damping schemes for preventing oscillatory, energy storing and releas-
ing motion, as well as the safe limitation of the maximum velocities by
software are needed.

Apart from these two major aspects differentiating the inherent joint designs,
it is crucial to develop collision detection schemes with high sensitivity for in-
jury prevention for both joint classes. Clear advantages of intrinsic joint com-
pliance, on the other hand, are significantly better joint protection during im-
pacts with the environment, and the large speed performance increase that is
possible.

To sum up, it is important to distinguish two modes for intrinsically compliant
joints, see Fig. 9.28:

1. human-friendly mode
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Figure 9.28: Safety oriented methododology for VIA control.

2. high-performance mode

The human-friendly mode focuses on providing intrinsically compliant be-
havior, while suppressing unwanted oscillations that may easily lead to high
and therefore dangerous robot velocities. In order to provide high level of
safety to the human, the stored elastic energy should be supervised, and the
full toolbox of methodologies, ranging from collision avoidance, detection,
and reaction to higher level fault modules should be embedded in the robot
control. The high-performance mode on the other hand serves for the full ex-
ploitation of energy storage and release for carrying out high-speed motions.
This differentiated view makes allowance for the desire of achieving human-
like performance while providing safe behavior.
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Considerations for new robot standards
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Figure 10.1: Distribution of robot injuries on human body parts and type of contact.

In pHI there is the natural demand for a clear set of standards that provide a
reliable basis on which manufacturers can rely on. The introduced ISO safety
standard ISO-10218 for direct human robot collaboration suggests limitations
of the speed, power, and force of the robot. However, these limitations do
not concisely correspond to the risks and level of potential human injuries.
Therefore they are often over conservative and/or in other situations not con-
servative enough, making a more elaborated safety model necessary. If a new
standard proposal is not developed, severe risks for serious will remain in-
juries on the one hand, and the standard will be over restrictive in many cases
on the other hand, hampering the application of human-robot collaboration.
Certainly, the knowledge of the injury mechanisms and the different ways that
a robot can cause injuries will make the standards for human robot collabora-
tion more useful. Simultaneously, the work on a standard towards this direc-
tion will increase the awareness of the cause-effect chain in robot accidents
and foster the certification of robot installations. For robot-related injuries in
industrial sites, Fig. 10.1 lists the distributions of the “types of contact” and the

267
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human body parts affected in these events, according to studies of the German,
Austrian and U.S. workers unions. This data have been drawn from statistics
on non-collaborative robot cells, so the contact events either arose during the
installation phase, or were due to the manipulation of protective equipment.
Nevertheless, they may serve as a first data set due to the lack of experience
with collaborative scenarios. From these numbers it already becomes clear
that clamping and lateral impacts should be investigated in much detail, and
that relatively low-severity collisions with the hand are most frequent. How-
ever, this insight is due to its inherent nature not directly applicable to pHRI.
In order to fully cover the threats that may arise from intensive interaction
scenarios, a future standard based on the crashworthiness of the robot - as-
sessing the consequences on the human health in case of a collision - should
be proposed. This means that different types of impacts on various body parts
must be examined with respect to different injury mechanisms. Furthermore,
the safety capabilities of novel interaction schemes have to be incorporated.
The full understanding of these effects would make it possible to formulate
meaningful safety limits for robot operation.

In this thesis first fundamental steps towards getting a systematic picture of
human injury in robotics were made by conducting various impact studies in
simulation and experiments. The investigations included blunt and sharp con-
tacts for constrained and unconstrained situations. Furthermore, the beneficial
effect of collision detection and reaction schemes was exhaustively analyzed.
However, in order to obtain full understanding of the injury risks more simu-
lations as well as soft-tissue and dummy tests are needed. For example exten-
sive quasi-static and dynamic loading tests for different body parts and with
varying shapes of the impacting robot surface are still to be carried out. The
basis for a new safety standard could come from the evaluation of the injury
mechanisms. Besides using available biomechanical data, further research is
needed to obtain impact effects on bone structures, organs, and soft tissues.
Biomechanics experts are expected to contribute highly valuable expertise in
relating injuries to criteria functions that are well suited for robotics. Apart
from understanding the fundamental injury mechanisms of humans, it could
also be important to take into account the pain tolerance of humans as exam-
ined in [301, 25]. This would be a strong, however, unmotivated constraint in
performance if it is possible to significantly reduce the probability of collision
and at ensure a maximum amount of low injury probability.

In this chapter various suggestions are contributed that could be useful for
standardization efforts that are particularly focussing on pHRI. The chapter is
organized as follows. Section 10.1 discusses the limitations of existing stan-
dards and requirements that could be useful for future, as well as existing
ones. Section 10.2 outlines a synopsis of injuries in robotics based on the re-
sults of this thesis. Section 10.3 introduces a new injury scaling attempt, which
extends the AIS to the demands of robotics. Section 10.4 gives a proposal on
how future crash-testing experiments with crash-test dummies could be car-
ried out for matching the requirements of robotics. Finally, Sec. 10.5 discusses
open aspects and the next steps to be taken.
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10.1 Limitations of existing safety standards

The fact that the safety of human-robot collaboration/cooperation (HRC) has
recently drawn so much interest and that research and development work has
been intensified is attributable in part to the circumstance that industrial robot
controllers have only recently been equipped with safety options, enabling
safe monitoring of robot motion (e.g. KUKA’s Safe Operation and Safe Handling
and ABB’s SafeMove). As a first step, this allows for routine co-existence and
well-defined interaction between robots and humans. Nonetheless, strictly
speaking, it does not allow for highly dynamic and unpredictable interaction.
Complex interaction scenarios, however, will be a necessity in the future for
the realization of numerous value-adding applications, in which industrial
robots and humans work together or service robots are fulfilling tasks in hu-
man vicinity. As mentioned above, the robotics society is currently exhibiting
increasing interest in deeper investigation of the specific injury risks and ef-
fects in human-robot collisions to enhance the safety of the systems and to
apply this knowledge to propose well-founded limits for safe human-robot in-
teraction in terms of maximum velocity, impact forces, or transferred impact
energy. Novel types of robots such as the LWR-III that are capable of fun-
damentally different interaction capabilities compared to classical industrial
robots require new types of standards and limits and made it necessary to take
a different view on the safety problem. In this line of thinking, cooperative re-
search projects are also exploring safety requirements for human-robot inter-
action. For example, the EC project PHRIENDS (IST-045359) aimed at devel-
oping actively and passively compliant robots that can co-exist and co-operate
with people. It seeked to enable physical human-robot interaction that is both
dependable and safe. Besides developing new ways of collision detection, this
project also investigated different reaction strategies following unavoidable,
undesired impacts of robots and humans (http:/ /www.phriends.eu).

The only standardized guideline, which focuses on human-robot interaction
up to now is the ISO-10218 [130]. In this standard new regulations are spec-
ified for the “collaborative operation - state in which robots work in direct
cooperation with a human in a defined workspace”. The presence of the hu-
man in this collaborative workspace requires one of the following conditions
to be fulfilled:

e TCP/flange velocity < 0.25 m/s,
¢ maximum dynamic power < 80 W,

e maximum static force < 150 N.

These requirements directly limit specific process characteristics of the indus-
trial robot, not taking into account the real consequences for the physical well-
being of the human in case of a system failure. This implies that the same
maximum allowable process characteristics are to be applied to a lightweight
compliant robot system as to a high payload standard industrial robot. This
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is an erroneous approach. The robot safety guidelines for collaborative robots
are still set up independently of the robot size, structure, and available con-
trol strategy. Therefore, they are limiting the technological possibilities due
to heavily over-restrictive over-the-board conditions. In addition, simple lim-
itations on the ill-defined quantities “dynamic power” or static force are in-
sufficient as design criteria. Consider for example the effect of a knife: if one
compares a knife that is wielded against a human with 150 N to a frying pan
applying the same amount of force to any body part it becomes obvious that
a more careful specification of the contact event is required. However, it is not
sufficient either to simply extend the measures to contact area or contact du-
ration to estimate the resulting injuries. As discussed in the thesis each body
part responds rather differently to external dynamic influences. Furthermore,
the guidelines for designing collaborative robot systems should make it pos-
sible to use the full power of existing technological methods for assuring the
operators inviolacy while maximizing robot performance at the same time.
Compliant control strategies and collision detection with appropriate reaction
have been shown to be powerful methods to cope with uncertainties in the en-
vironment and provide entirely new ways of dealing with the safety problem.
The research can only develop the methods to a certain level of maturity from
which they have to be taken over by industry and development to a stage they
are ready to go to market.

To sum up, current research activities on robot safety, into which existing
biomechanical basics are incorporated, suggest the necessity to start with the
human being as the central entity of any safety analysis in the context of collab-
orative robotics systems. This will enable a quantitative intrinsic safety eval-
uation to be introduced into the standardization. Furthermore, it is necessary
to find a way for qualifying advanced control methods as safety features and
make them a core demand for robots that are developed for pHRI applications.
Novel standards need to take into consideration these findings and should to
be open to novel ways of addressing safety.

Due to the fact that research within this area is still very new, a full set of
appropriate criteria is not yet available and must be derived during the years
to come. Nevertheless, a clear picture of where the standardization efforts
have to go can already be sketched.

First, it is highly recommend to introduce a much finer granularity in the con-
tact event phenomenology for the definition of future standards. A crucial
action to be taken before introducing any relevant measure is, in contrast to
ISO-10218, classifying and analyzing possible contact situations, as has been
carried out in the rich existing biomechanical and forensic literature. A pro-
posal is given in the next section. Furthermore, it is absolutely necessary to
have different safety limits for each human body part and for all distinguish-
able contact situations as e.g. blunt and sharp contacts, meaning impacts with
and without sharp tools or structural edges involved. From a biomechanical
point of view, it is crucial to strictly differentiate them as the spectrum for po-
tential injuries is highly complex and hardly integrable into a simple scheme.
In order to provide the experience gained from the systematic analysis in this
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thesis to the standardization authorities, the author of the thesis is a DIN rep-
resentative and committee member of the new ISO Working Group (WG) 7,
Personal care robot.

In the next section possible injuries in robotics are classified by means of the
contact situation and contact properties. Furthermore, possible injuries are
elaborated, worst case factors, and appropriate injury measures.

10.2 Possible injuries in robotics: a synopsis
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Figure 10.2: Safety Tree showing possible injury (PI), major worst-case factors (WCF) and the possible
worst-case range (WCR). * indicates still ongoing topics of research. Additionally, relevant injury criteria
are given for the head, chest and soft-tissue injuries.
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Up to now only isolated injury issues and mechanisms of robot safety were dis-
cussed and introduced in the robotics literature. In order to have an overview
of the potential injury threats depending on the current state of the robot and
the human, a classification of these mechanisms, governing factors of the par-
ticular process and possible injuries are proposed in Fig. 10.2. Physical contact
can be divided into two fundamental subclasses: quasi-static and dynamic
loading!. Fundamental differences in injury severity and mechanisms are ob-
served as well if a human is (partially) constrained or not, leading to the sec-
ond subdivision. For the quasi-static case it is differentiated between near-
singular and non-singular clamping as already outlined. The last differentia-
tion separates injuries caused by blunt contact from the ones induced by tools
or sharp surface elements.

Each class of injury is characterized by possible injuries (PI), worst-case factors
(WCF) and their worst-case range (WCR). WCF are the main contributors to
the worst-case, such as maximum joint torque, the distance to singularity or
the robot speed. The worst-case range indicates the maximum possible injury
depending on the worst-case factors. In addition to the classification of in-
jury mechanisms for each such class, suggestions for injury measures (IM) are
given as well. They are specific injury measures which are appropriate, useful
for the classification and measurement of injury potentially occurring during
physical human-robot interaction.

For example (D represents blunt clamping in the near-singular configuration,
see Fig. 10.2. As already shown, even for low-inertia robots this situation can
become very dangerous and is therefore a possible serious threat with almost
any robot on a fixed base within a (partially) confined workspace. Possible
injuries are fractures and secondary injuries e.g. caused by penetrating bone
structures or an injured neck if the trunk is clamped but the head is free. This
would mean that the robot pushes the head further while the trunk remains in
its position. Another possible threat is shearing off a locally clamped human
along an edge. Appropriate indices are the contact force and the Compression
Criterion. (3) is the clamped blunt impact in non-singular configuration. The
injury potential is defined by the maximum joint torque Tmyax and can range
from no injury (as shown for the LWRIII) to severe injury or even death for
high-inertia (and joint torque) robots. The robot stiffness does not contribute
to the worst-case since a robot without collision detection would simply in-
crease the motor torque to follow the desired trajectory. Therefore, robot stiff-
ness only contributes to the detection mechanism by enlarging the detection
time. Also, the contact force and the Compression Criterion are well suited
to predict occurring injury. (8) denotes the classical free impact which was the
first injury mechanism investigated in the robotics literature. This process is
governed by the impact velocity and (up to a saturation value) by the robot
mass. As shown in [96] and in Sec. 4.2,4.3 even a robot of arbitrary mass can-
not severely injure a human head by means of impact related criteria from the

!Only injuries for typical robot velocities are considered and no hypothetic extreme cases.
As pointed out in previous sections and [96, 97] injury potential vastly increases with the impact
velocity of the robot.
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automobile industry like HIC. However, fractures e.g. of facial bones are likely
to occur but not all would be classified as a serious injury. Laceration by means
of crushes and gashes are worth to be evaluated, especially with respect to ser-
vice robotics. The contact force and the Compression Criterion are well suited
severity criteria for this class and in order to evaluate lacerations the energy
density has to be considered.

The preceeding evaluation of injuries is intended as a worst-case analysis for
the described contact cases. The next step is to ask which actions can be taken
against each particular threat. ) to () can be handled by a collision detection
and reaction as e.g. described in Chapter 3. Good countermeasures in case
of (6) appears to be soft covering, lightweight design, and a fast and effective
collision detection and reaction. (7) seems to be the most dangerous scenario
one can think of and it needs special treatment. Safe robot speed to give the
human enough time to react accordingly is indispensable. Secondly, an effec-
tive collision detection and a safe and carefully selected collision reaction have
to be embedded. Similar countermeasures are appropriate for (9).

In this section a classification attempt is described ending up with a safety tree
which is intended to serve as a guideline of how to analyze potential threats
during a human-robot interaction scenario. By identifying all the possible
physical contact situations for the particular application one does not need
to address every theoretically possible injury sources but only the ones which
are relevant in the particular context.

In this thesis the Abbreviated Injury Scale is utilized for categorizing injury.
Due to its coarse granularity, it is especially useful for qualifying injury of wide
severity ranges. However, due to the special needs in robotics it is important
to provide a more appropriate classification of injury, which especially subdi-
vides low injury more specifically: the Extended Abbreviated Injury Scale?.

10.3 Extended abbreviated injury scale

Up to now, there is no injury classification system established in robotics in
general and for low-severity soft-tissue injury in particular. Therefore, an ex-
tension of the Abbreviated Injury Scale (AIS) is proposed, which additionally
differentiates between injuries of lower severity, not relevant in automobile
crash-testing but important to robotics. In forensic medicine and automobile
crash-testing the AIS is an established injury classification tailored to injuries
ranging from very low to lethal [5] (see the framed part of Tab. 10.1). Please
note that at this point a generic classification of injury shall be defined, not a
quantification for a particular body part, which is realized by severity indices.

Possible (future) applications of robots vary from classical industrial ones,
such as car welding, to the household robot which will be part of everyday
human life and environment. This necessitates the ability to classify injury
with respect to the domain a robot operates in. In industrial applications, in-

?In [25] the authors propose to reduce the limits in general to AIS 1 or ICD-10-GM2006.
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EAIS SEVERITY  TYPE OF INJURY INJURY EXAMPLE
@ 0 None None -/-

2 2 1.A Minor Superficial Injury, Class 1 Contusion (bruise)
3 e 1.B Minor Superficial Injury, Class 2 Abrasion
= 8 1.C Minor Superficial Injury, Class 3 Contusion (crush, severe bruise, hematoma)
£ Z _ 1D _ _Minor_ _ _ Superficial Injury,Class4__ _ _ _ Superficial/minor laceration (incised wound/cut)
§ % LE=1 Minor Superficial Injury, Class 5 TLaceration, gash, superficial avulsion
s T‘g | 2 Moderate Recoverable INerve contusion, linear fraction
Lg (@] 3 Serious Possibly recoverable |Small brain contusion
o I 4 Severe Not fully recoverable without care | Complex basal skull fracture
5 | 5 Critical Not fully recoverable with care Diffuse axonal injury
v | 6 Fatal Unsurvivable ISeparation of brainstem

1

| AIS|

Table 10.1: Definition of the Extended Abbreviated Injury Scale.

corporating the use of heavy duty robots, severe injuries happened in the past
as pointed out in [282]. This will remain so in the future. The Abbreviated In-
jury Scale covers the range of injuries already on a level of granularity, which
is sufficient for such cases. For these classical industrial applications (no in-
tentional interaction desired), injuries classified as minimally minor according
to the AIS are probably inevitable if a constrained collision occurs, e.g. due
to human failure or deactivation of safety devices. Within a typical domes-
tic environment or in a scenario incorporating production assistants, however,
such severe risks have to be avoided since active physical contact is desired
and crucial at the same time. Future service/co-worker robots have to be de-
signed such that even in the worst-case, at most superficial injuries can occur.
In this context a more granular severity classification is needed to capture the
characteristics of the particular low severity injury. In order to take into con-
sideration the entire range of applications, an extension of the AIS, fitting the
needs of robotics seems reasonable. The lack of classification of non-severe
injury according to their injury level makes it especially useful to define such
a scale for cooperating service robots. Therefore, it is proposed to introduce
tive classes of minor injury, taking into account the order of injury severity for
superficial injury. This reflects the fact that superficial avulsions are more se-
vere than superficial lacerations, which in turn are more severe than abrasions
or contusions. This gives the possibility to have a more precise description of
occurring injury in low injury scenarios. This classification was developed in
close cooperation with a biomechanics and forensic expert [138] and the pro-
posed injury level classification is shown in Tab. 10.1. The lowest AIS category
AIS = 1is split up into five categories, representing superficial® injuries, rated
according to their injury severity and indicated by examples. This leads to a
more appropriate sub-classification of the potential injury a certain robot can
cause.

In the next section recommendations for standard blunt impact tests are given,
which could serve as a basis for future standardized safety evaluation in robotics.
In this sense a first proposal for a set of standardized robot-dummy crash-tests
is contributed.

3The officially used term superficial could be misleading in the context of robotics since even
superficial is already unacceptable.
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10.4 Standard impacts

Based on the results with robot-dummy crash-testing, some recommendations
with respect to a more standardized view on this topic are given in this sec-
tion. If future robotic systems are going to act around humans and cooperate
with them by physical means, a standardized crash-testing protocol will be
needed to evaluate different robots on a meaningful and comparable basis. In
this sense this process is sought to be initiated by proposing Standard Impact
Phases for the unconstrained impact, leading to a set of Standard Impact Tests
for analyzing robot-human safety. As is explained later in the section, various
standard blunt impact tests are proposed with

1. different impact directions,
2. sitting or standing dummy, and

3. defined secondary impact conditions.

10.4.1 Standard impact phases
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Figure 10.3: Standard impact phases for an unconstrained robot-head impact. This can be applied to any
single contact impact model, consisting of two bodies connected via a junction.

In order to define standard impact tests one has to take into consideration the
complexity of a collision process. It does not only consist of the immediate
instance of interaction lasting only a few milliseconds, but a much more intri-
cate process is related to it. This incorporates the behavior of the human body
and its physical interaction with the robot and the environment. Establishing
safety during head collisions is not only about determining the apparent head
injury but also has to take into consideration all phases of a collision and the
injury potential related to them. The following definition of major phases for
the free unconstrained impact shows that this simplest case of a robot-human
collision already consists of (minimally) five major phases, as can be deduced
from the high-speed videos.

¢ Phase I: The short phase in which the direct impact between robot and
head takes place.

¢ Phase II: The neck starts moving significantly due to the motion of the
head.

¢ Phase III: The trunk begins to move significantly.
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* Phase IV: The head loses contact with the robot and the entire body
moves freely in space.

¢ Phase V: The body impinges on the ground usually first with the trunk
and then with the head: The secondary impact occurs.

A pictogram visualizing these phases is shown in Fig. 10.3. Analogue to the
head impact it is straight forward to define similar phases for the chest and
other body parts. These standard phases are a good starting point to formulate
standard impacts for robotics. A proposal is outlined in the following.

10.4.2 Standard dummy impact tests

The following impact test proposal is a suitable starting point for a standard-
ized set of blunt impacts tests. In this proposal the evaluation of upper and
lower extremities is excluded due to the fact that except for first experiments
presented in Chapter 3 this is still an unresolved issue in robotics (also in
biomechanics in general). In Section 10.5 the necessity of upper extremity in-
jury is discussed in more detail and the state-of-the-art is provided.

CONFIGURATION DIRECTION IMPACT REGION BARRIER HEIGHT
Sitting Frontal head, chest 0...n%t
* Side head, chest, abdomen, pelvis ~ 0...hL!
* Rear head, chest 0... hgl
Standing Frontal head, chest 0...hkee
* Side head, chest, abdomen, pelvis  0... hljseg
* Rear head, chest 0...ples

B

Table 10.2: Standard dummy impact tests.

In order to consider the complexity of robot-human impacts it is suggested to
tirst distinguish between a collision between a robot and A) a sitting dummy
and B) a standing dummy. Furthermore, the major impact directions for col-
lisions have to be covered, leading to the necessity of frontal, side, and rear
impacts for which distinguished crash-test dummies exist. Then, the different
impact locations are chosen according to the sensorial equipment of the partic-
ular dummy. The impact to the head should be directed normally towards the
center of gravity of the head (partially adjustable with the head tilting angle
¢n) and the impacts at the other body parts have to act directly on the par-
ticular sensor. In addition to simply hitting the dummy in free space, varying
barriers are proposed to evaluate the effect of constraints in the environment,
see Tab. 10.2. For sitting configuration they should maximally range to the
trunk height of the dummy h%L! (T1 denotes the first thoracic vertebra) and for
the standing configuration up to the leg height 1% of the dummy. The heights
R hIC, hs, hp, hf ,and h‘;‘ have to be selected according to the specific dummy
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Figure 10.4: Standard dummy configuration.

suited for the impact type, see Fig. 10.4. The aim of these tests is to provide a
set of well defined testing setups, which allow not only to evaluate the direct
impacts (Phase I) but also the subsequent motion (Phase II-IV) and even the
secondary impact (Phase V). All following tests assume a hard base on which
the secondary impact occurs. Therefore, the question about the consequences
after the collision phase can be answered as well. In principle arbitrary fur-
ther situations can be imagined but this set of impact tests provides, similarly
to automobile crash-testing, a clear evaluation of injury severity for blunt im-
pacts. From high-speed recordings it becomes clear, which part of the recorded
signals correlates to the particular impact phase and thus a separate analysis
of each phase is possible. The main reason to distinguish between sitting and
standing condition is, apart from the influence of partial constraints, a more
detailed analysis of related secondary impacts. These will mainly depend on
impact velocity and drop height.

The motion of the robot is commanded such that it moves at a constant velocity
and all impact tests are to be carried out up to maximum velocity of the robot
under the impact direction constraint. To quantify the effects of collision de-
tection and reaction schemes for a robot, it is important to show under which
conditions they contribute to increasing safety and where their limitations are.
The analysis presented for the LWR-III can be seen as a first template.

It is clear that performing the entire set of measurements is an expensive and
time consuming endeavor. However, the tests are related to different injury
types, which do not obviously correlate. Therefore, it is reasonable to argue
that they are mandatory in an incipient phase. If a subset of the tests captures
all relevant aspects, a reduction of the full series extent will be done.
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The standard sitting frontal and rear impact

In Figure 10.4 (upper left) the frontal sitting and rear sitting setup are shown.
The dummy is sitting upright on a fixed object at height hg and the head is
adjusted such that the dummy is hit in normal direction against the head. The
impact locations in this setup are the head and chest in the frontal case and
the head only for rear impacts. The head is hit at A and the chest at h¢. In
order to evaluate partial constraints the barrier height hp is elevated until no
further increase of injury severity is observed or the dummy is in danger to be
destroyed.

The standard sitting side impact

In Figure 10.4 (upper rigt) the side sitting setup is depicted. The dummy is
sitting upright on a fixed object at height hs and ¢ = 0° (The head is oriented
horizontally such that the robot hits the dummy normal to the occiput.). The
impact locations tested in this setup are the head, the chest, the abdomen, and
the pelvis. The head is hit at h}q , the chest at h?, the abdomen at h‘;‘, and the
pelvis at hT’. In order to evaluate partial constraints the side barrier height
hp is elevated until no further increase of injury severity is observed or the
dummy could be destroyed.

The standard standing frontal and rear impact

In Figure 10.4 (lower left) the frontal standing and rear standing setup are shown.
The dummy is standing upright and the head is adjusted such that the dummy
is hit in normal direction against the head. The impact locations tested in this
setup are the head and chest in the frontal case and the head for rear impacts.
The head is hit at A and the chest at h¢. In order to evaluate partial con-
straints the barrier height hp (in the back of the dummy for frontal impacts
and in front of the dummy for rear impacts) is elevated until no further in-
crease of injury severity is observed or the dummy could be destroyed.

The standard standing side impact

In Figure 10.4 (lower right) the side standing setup is depicted. The dummy is
standing upright. The impact locations tested in this setup are the head, the
chest, the abdomen, and the pelvis. The head is hit at h? , the chest at hIC, the
abdomen at 74, and the pelvis at kY. In order to evaluate partial constraints
the side barrier height h g is elevated until no further increase of injury severity
is observed or the dummy could be destroyed. Please note that in this test the
barrier does only affect the lower extremities.

In order to carry out all these experiments, various testing devices are nec-
essary. Therefore, a list of crash-test devices that are suitable in this sense is
given.
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10.4.3 Crash-test dummies for robot-human impacts

Impact test Proposed dummy

Sitting frontal ~ Hybrid III 50th Percentile Male

Sitting side EuroSID-1/EuroSID-2 (ES-2)

Sitting rear BioRID-II

Standing front Pedestrian or Hybrid III with standing support
Standing side  EuroSID-1/EuroSID-2 (ES-2) with standing support
Standing rear ~ BioRID-II with standing support

Table 10.3: Dummies for standardized crash-testing in robotics.

In Table 10.3 appropriate crash-test dummies for each of the proposed stan-
dard tests by biomechanical dimensioning are listed*, which are tailored to
the needs of the proposed impact tests. The first two for Sitting frontal and
Sitting side are already established dummies in automobile crash-testing. The
BioRID-II was designed for the rear impact assessment and is among other
things especially designed for whiplash assessment. The Pedestrian can be
used to simulate secondary impacts and their dependency on impact velocity
and robot mass. As an alternative one could fix a Hybrid III in standing po-
sition and realize a simple release mechanism e.g. based on a light barrier to
simulate standing during the impact.

10.4.4 Possible extensions

In future the extension of the proposal to following body parts for the three
impact directions is intended.

¢ Frontal impact

- Knee, femur, pelvis
- Lower leg
- Upper Extremities

— Cranium: mandible, maxilla, nasal,...
¢ Side impact

— Cranium: temporal, parietal
® Rear impact

- Spine

— Cranium: parietal, occipital

*In this proposal the appropriate human male dummies are listed. In future work other
types as female and child versions should be included.
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Figure 10.5: LWR-III at Daimler-Benz.

For the listed body parts distinct dummies exist, which will be used for de-
tailed analysis in the future. The standardized evaluation of the face could be
analyzed with face dummies as presented in [288, 184] and more detailed level
aspects such as the eye with the new FOCUS (facial and ocular countermea-
sure for safety headform), developed by Denton [2]. Some of these tests are
only relevant for pHRI-robots and not for large industrial robots. Apart from
defining standardized blunt impact testing, it is necessary to get to a point at
which soft-tissue injury can be evaluated in a standardized way as well. First
evaluations in this direction were carried out in [88].

In the next section the impact of the thesis on industry and standardization is
described. Furthermore, it is discussed discussed how an injury analysis could
be carried out in general, and which kind of further tests are necessary for this.

10.5 Impact of the thesis and next steps

Recently robots as the LWR-III or the WAM arm were already commercialized
and provide advanced control methods that allow close physical human-robot
interaction. Their entire design was driven by the desire to achieve high per-
formance torque control and interaction. In case of the LWR-III significant
parts of this thesis were part of the technology transfer from DLR to KUKA.
The collision detection and reaction methods as well as the trajectory scal-
ing algorithm developed in this thesis are commercialized in the new KUKA
Lightweight Robot [27, 156]. Apart from sensing collisions during operation,
the collision detection is also used in the novel command Trigger by contact
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1

Figure 10.6: Drop testing setup for analyzing soft-tissue injury during blunt and sharp contact.

to switch between different controllers based on the estimation of external
torques. This makes it possible to optimally combine the position accuracy
of the state space controller with the adaptability of the impedance controller
during physical interaction with the environment.

An interesting fact is provided by one of the first end customers using the
KUKA Lightweight Robot, Daimler AG. They introduced the robot into an
application for assembling rear-axle gear boxes and are currently analyzing
further use in their car assembly processes. Generally, they state that the LWR-
III is the next generation technology in production and that only the barrier
free operation is the key for launching this innovative robot.

The fact that the work done in this thesis was also strongly noticed by the re-
search community directly points toward the necessity to further investigate
injury in robotics, find adequate countermeasures for limiting worst case in-
jury, and finally bring common research effort to the according standardization
institution. As the thesis represents the first systematic evaluation of safety
for pHRI it opens up entirely new research directions. Numerous awards
and nominations at the most important robotics conferences and events were
achieved. The impact of this thesis on the outcome of European projects such
as SMErobot [261], PHRIENDS [53], and Viactors [274] was highly appreci-
ated, as confirmed by the following quote from a Viactors review report.

An important ingredient for the successful use of robots in a so-
cietal setting is their safety. DLR is the leading robotics group in
safety in human-robot interaction. ... Safety definitions and proce-



282  CHAPTER 10. CONSIDERATIONS FOR NEW ROBOT STANDARDS

dures are of fundamental importance for human-robot interaction
in the design and control of robots that physically interact with hu-
mans.

However, despite the achievements made, there are still many open research
questions to be answered. Furthermore, no agreement between researchers,
standardization bodies, and industry has been achieved yet on which mea-
sures exactly will be used for defining robot safety in the future. The general
approach in this thesis for understanding and rating injury is to analyze the
cause-effect chain in a decreasing order of injury severity. It is important to
tirst understand what exactly causes potentially lethal injury and prevent this
by any means. One should therefore understand the effects of lower severity
injuries and find according countermeasures. This kind of approach ensures
that one will be able to determine exactly the possible worst-case injury for a
given impact situation and therefore allow robots to exploit their maximum
performance under the safety constraint. In order to systematically compare
different robots and impact conditions it is necessary to build up various re-
producible and verified dummies for fully analyzing the injury potential of a
robot. For the verification of these testing devices existing biomechanical data
and insights should be used as much as possible. They form the fundamen-
tal basis to understand the dynamic behavior of humans and their response
to mechanical inputs. In this line of thinking other body parts than the ones
in the thesis should also be considered. Body parts that play especially in in-
dustrial settings a major role are the upper extremities (especially the hand)
as they are frequently injured in such settings. This leads to the necessity to
understand hand injury, build hand dummies, and use them for verification
of safety increasing control schemes. However, there are little experimental
data or biomechanical understanding of hand injury, which would be valu-
able in robotics. Some work has been done on investigating the contact frac-
ture mechanics of the outstretched hand and tolerance of human volunteers
in crushing settings. [44, 237], e.g., analyzed the influence of impact stiffness
on the impact force for outstretched hands. They investigated whether sur-
tace padding reduces the injury risk during down-fall accidents by comparing
the experimental/simulation impact forces with fracture tolerance forces of
2.26 & 1.0 [£SD] kN measured in [72], 1.6 & 1.0 [££SD] kN measured in [262],
and 1.8 £ 0.7 [£SD] kN measured in [197]. Concerning lower and upper arm
there are some more extensive data to work with. According to [56] a 50% risk
of elbow fracture, e.g., corresponds to forces as large as 1780 N. The particular
loading tolerance of the humerus was investigated in [139, 57, 58, 250, 133] and
for the lower arm in [228, 57, 58]. The impact experiments for the lower arm
in [228], were conducted for impact speeds of 3.3 m/s and 7.6 m/s for both
male and female subjects, respectively. The three point loading (elbow, wrist
and impact force) caused linear to comminuted fracture. [57, 58] investigated
impact speeds of 1.35 — 4.42 m/s for female subjects, where the lower arm was
loaded in supination and pronation. For hand/finger injury [189] analyzed
the tolerance of human subjects against crushing injury and pointed out the
importance to differentiate between static and dynamic forces (as done in this
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thesis). The authors of the German Institute for Occupational Safety and Health
defined admissible impact forces (in the sense of pain tolerance, not injury)
and their analysis led also to the development of a testing device for sim-
ulating hand contact properties and measuring the contact forces. Recently,
the same institute released a document listing pain tolerance values for forces
and pressures of several body parts. However, in contrast to the work done
in [189], it is not clear where this data originated from. This brief overview
points towards the necessity of further large scale investigations to be done in
the near future.

Furthermore, as discussed throughout this thesis and especially in Chapter 3,
understanding of low severity blunt injuries as e.g. abrasions or hematoma,
as well as sharp contact injury is still lacking to a large extent. In this line of
thinking it is crucial to analyze these two important classes of impact injury
in more detail soon. For this purpose a drop test setup was developed (see
Fig. 10.6) for analyzing the effect that different contact characteristics have on
biological soft tissue and use the outcome of these tests for further improv-
ing the safety characteristics of robots. Also the injury mechanisms of hands
will be analyzed on a detailed level. The fundamental insight that is expected
to be gained from these experiments is intended to build a basis for under-
standing the effect sharp tools mounted on a robot have, and how to design
countermeasures to reduce their dangerous effect. The basis for this is given
in Chapter 3.

10.6 Summary

Comparing the thresholds defined in ISO-10218 with the results given in this
thesis, it is clear that the listed requirements in ISO-10218 are not based on
biomechanical analysis. On the one hand such an evaluation leads to much
higher tolerance values for blunt impacts and on the other hand to possibly
lower ones for sharp contact. The intention of ISO-10218 is to keep the veloc-
ity of the robot low in order to enable active avoidance of unintended contact
by a human operator. If this is not possible, only very low exerted forces and
power could avoid any kind of risk, i.e. ISO-10218 is a conservative safety re-
quirement. However, this appears to be an overly stringent restriction of robot
performance for systems especially designed for pHRI applications. At the
same time a well differentiated test standard is still missing. Particular tools
and their corresponding injuries, which would demand even lower thresholds
than currently required are not discussed in this standard. The definition of
a a more sophisticated and differentiated basis to achieve an optimal safety-
performance tradeoff is recommended. The qualification of new control and
motion strategies is still a major unsolved issue, even though it seems crucial to
equip robots using such methods. It is obviously evident that they contribute
to a significant increase in safety and therefore have to be standardized to be
well recognized as a human-friendly scheme.

For safety qualification and standardization purposes it is essential to define
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the level of possible injury in such granularity that the effect of safety enhanc-
ing methods can be quantified. Therefore, the AIS scale was extended such
that a more differentiated rating of injuries is possible in the lower severity
range, making it possible to generically classify occurring injury in robotics.

Due to the heavily varying conditions of human-robot contact, relevant injury
mechanisms were classified, important factors governing each injury process,
and the worst-case injury level derived from it. This classification should be
considered as a basis for further investigations, as well as a roadmap point-
ing out open issues and the variety of possible injury mechanisms in physical
human-robot interaction.

Furthermore, a proposal on how future standardized blunt crash-testing could
be formulated was given, similar to already established procedures in the au-
tomobile industry. The definition of such regulations makes it possible to com-
pare different robots objectively and assess their qualification for human-robot
interaction. Finally, the discussed open issues point toward the most impor-
tant questions to be answered and are intended to attract other researchers to
this exciting new topic of robotics research.



Conclusion and outlook

11.1 Conclusion

Achieving safe Human-Robot Interaction is one of the grand challenges of
robotics. It is necessary to design systems that do not harm human beings dur-
ing operation. However, due to the lack of real world applications for pHRI,
there was very little research on how to assess, rate, and improve the safety of
robots for tasks with direct human contact. Mostly, the term safe was used to la-
bel dependable robotic components, for which failure rate has to be minimized
and reliability to be maximized. In this sense, the thesis gives the first large
scale investigation of possible injuries a human would suffer from collisions
with robots and elaborates the significant factors in this complex problem. For
this standard equipment from automobile crash-testing was used, which has
been applied over decades to rate the injury of humans in car crashes. How-
ever, the analysis is not only based on these well established methods and their
applicability to robotics, but they were also extended to the needs in robotics.
An analysis, grounded on a solid biomechanical basis, seems to be the only
way to investigate the safety of robots, since it is not only a question of robot
design alone, but to a major extent related to the physical effect a robot has on
the human. Furthermore, it is not sufficient to rate the safety of a robot by sim-
ple dependability analysis, but the level of measurable physical harm has to be
of primary concern. A major contribution of the thesis is that it gives general
insights into the resulting impact dynamics for rigid blunt robot-human im-
pacts. Furthermore, various injury measures for different human body parts
are evaluated theoretically and experimentally with different robots of varying
size. Apart from blunt collisions, also soft-tissue injuries caused by stabbing
and cutting were investigated for the first time in robotics. For this purpose
pig experiments were carried out to obtain quantitative measurements for in-
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jury assessment during sharp contact. Such investigations are necessary, since
future robots will either be equipped with, or grasp sharp tools and objects
in real-world applications. Generally, this part of the thesis gives fundamen-
tal insight into the influence mechanical design parameters as inertia, maxi-
mum velocity, or surface curvature have on the intrinsic safety properties of
the robot.

In order to assemble a full image of injury mechanisms in human-centered
robotics, an overview of possible injuries, a classification attempt, as well as
related injury severity measures were developed. This was completely missing
in the literature up to now, but is of high interest not only for industrial robots,
but also for the safety standardization of service robots.

Apart from assessing possible injuries occurring during human-robot impacts,
it is equally important to evaluate and rate the quality of robot control coun-
termeasures for reducing or even preventing them. Primarily, a robot sharing
its workspace with humans should be able to detect collisions quickly and to
react safely in order to limit injuries due to physical contacts. In the absence of
external sensing, relative motion between robot and human is not predictable
and unexpected collisions may occur at any location along the robot arm. Ef-
ficient collision detection and reaction methods that use only proprioceptive
robot sensors and provide also directional information for safe robot reaction
after collisions were introduced and validated for this purpose. It was shown
that the proposed methods are sufficiently powerful such that even sharp con-
tact with a scalpel can be detected for a cutting motion and that the otherwise
resulting very severe injury is entirely prevented.

Besides collision identification, isolation, and reaction two collision avoidance
schemes with and without task preservation were developed. Both methods
do not only consider proximity, but are also able to cope with contact forces at
the same time. This makes it possible to address pre-collision, collision, and
post-collision phase in a unified way, as showcased by different experiments
at varying dynamic conditions. The overall approaches are able to cope with
various kinds of disturbances in a safe and intuitive manner and provide di-
verse reaction patterns. An accompanying problem, arising from the variety
of novel methods for human-friendly control is that the system complexity
grows vastly. Therefore, a state based control architecture was developed that
is tailored for consistently, quickly, and safely activate the corresponding over-
all robot behavior in response to the current situation and according sensory
input.

The underlying concept integrates the aforementioned novel capabilities of the
robot into a safety oriented approach, which enables its intuitive interfacing
that is both reactive and flexible. The concept was also experimentally verified
for a complex Co-Worker scenario. The developed architecture is currently in
use in various applications, see Fig. 11.1. The first and second picture show an
LWR-III billiard experiment [223] and an EMG-controlled LWR-III. The third
image depicts the recent Braingate experiment [289] where the LWR-III is con-
tinuously controlled via a Brain-Machine-Interface that is attached invasively
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Figure 11.1: Several example setups using the developed safety oriented state based robot control ar-
chitecture. LWR-III controlled via Brain-Machine Interface, SAPHARI setup, Billiard playing and EMG-
controlled robot.
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to the motor cortex of a tetraplegic person. The decoded neural data is used to
command the robot, while several safety related behaviors are activated. The
fourth image depicts the SAPHARI' setup, which is an experimental setup for
evaluating safe and autonomous physical Human-Robot Interaction. At the
recent trade fair AUTOMATICA 2010 the various complex interaction capa-
bilites of the state based controlled robots were showcased for different appli-
cations as e.g. interactive bin-picking.

Overall, the system provides a simple and intuitive access for robot task pro-
gramming based on hybrid state machines, making task programming pow-
erful, flexible, and efficient at the same time.

In addition to the safety investigations, software design contributions, and
control schemes for achieving safe physical Human-Robot Interaction, the anal-
ysis was extended to Competitive Robotics. Safety problems were analyzed
for situations in human-robot soccer, where human and robot are opponents
and it was demanded that a robot may not be more dangerous than a human
opponent. Furthermore, it was shown that intrinsically compliant joints are
important for protecting the robot joint from external shock loads and are ben-
eficial to store and release energy such that high link speeds can be achieved.
At DLR various joint prototypes and a full hand-arm system implementing
such intrinsically compliant actuation were designed. In addition to show-
ing passively compliant behavior, their stiffness characteristics can also be ad-
justed online. These novel actuation mechanisms allow different motion con-
trol schemes compared to classical stiff actuation. In order to optimally utilize
their energy storage and release capabilities, results based on optimal control
theory were derived regarding the optimal excitation of the joint elastic modes
for reaching maximum link velocity. In particular, the appropriate timing of
bang-bang control for the position motor was formulated and experimentally
verified. Furthermore, it was shown that a similar bang-bang control for stiff-
ness adjustment further maximizes the link velocity by optimally injecting ad-
ditional energy into the actuation mechanism.

In the robotics literature intrinsic joint compliance is mostly proposed for in-
creasing safety due its inherently elastic behavior. However, in this thesis it
was shown that this is only valid for specific cases. The already mentioned
gain in link velocity can yield higher impact speeds and therefore more severe
injury for unconstrained blunt impacts compared to stiff robots. This, in turn,
necessitates effective controllers for vibration damping during motion, which
utilizes the elastic energy storage mechanism only if needed. For further en-
hancing the safety of such systems the methods for collision detection and re-
action were extended to the variable stiffness case and their effectiveness was
experimentally proven.

To sum up this thesis made significant contributions to a variety of nowa-
days open research problems in human interactive robotics and has indeed
opened up entirely new branches of robotics research. Developing the the-
oretical foundation and the experimental validation of various methods for

!Safe and Autonomous Physical HumAn-Robot Interaction



11.2. OUTLOOK 289

collision avoidance, detection, and according reaction, as well as the develop-
ment of a concept on how a human-friendly robotic co-worker can be designed
from an architectural point of view form the foundation for bringing humans
and robots closer to each other. All methods were experimentally verified on
various robotic systems such as on the LWR-III, Justin, or the DLR Miro. The
injury evaluation of robot-human impacts was the first in robotics to be car-
ried out in such a systematic and extensive way. The experimental evaluation
was particularly appreciated in the robotics community as a fundamental con-
tribution for making robots safer. It contributed to the clarification of several
misunderstandings and even errors present in the literature as a result of sim-
ulation only evaluation.

Finally, this thesis gives important insights into the safety and performance
characteristics of Variable Impedance Actuators and how to optimally control
them for achieving similar performance to humans.

The outcome of this work already found its way into commercialization and
standardization. The developed collision detection and reaction schemes, the
method of trajectory scaling, and partially also the methods for biomechanical
safety analysis found their way to market products and into international stan-
dardization committees. Also first industrial end users utilize the methods as
an integral part of their applications.

11.2 Outlook

Figure 11.2: Side impact dummy with LWR-IIL

Finally, some lines of research shall be presented that are directly related to the
present thesis and were identified as the consequent extension of the presented
work.
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Figure 11.3: The multi-robot system SAPHARI

Certainly, the biomechanical safety investigations will be extended to other
usually non-lethal injuries as abrasions and contusions, as well as the under-
standing of cutting and stabbing will be deepened. For this purpose a drop test
setup was developed (see Fig. 10.6) for analyzing the effects that different con-
tact characteristics have on biological soft-tissue and use the outcome of these
tests for further improving the safety characteristics of robots. A long-term
vision is to develop a catalog that classifies tools according to their potential
injury level with the goal of providing standard guidelines for maximal robot
speed, force, and possibly other relevant physical quantities, depending on the
abovely mentioned geometric properties.

For carrying on the dummy crash-tests presented in this thesis, a side crash-
test dummy was equipped with various impact sensors (see Fig. 11.2) and a
testing suite was developed including automated robot crash-testing and eval-
uation software [107]. This shall lead to new insights into blunt robot-human
impacts by carrying out various tests proposed in Chapter 10 and complete
the picture given in this thesis.

Further experiments will focus on a detailed investigation of the effect of joint
stiffness for improving safety and especially provide the experimental verifi-
cation of developed methods on the new DLR hand-arm system. A focus in
the future will be the extension of the optimal control results to full manipula-
tors. For this the effect multi-DoF dynamics have on the problem needs to be
understood and it has to be investigated how the solutions for maximum link
velocity in this thesis can be extended to other tasks.

In order to fully exploit the capabilities of such human-friendly robots as the
LWR-III the proposed state based architecture will be further developed such
that these complex devices can be controlled in an intuitive and abstract way
also from high-level control and decision making processes. As a new experi-
mental research platform SAPHARI was constructed, see Fig 11.3. This multi-
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robot system is equipped with various external sensors for workspace surveil-
lance, human motion recognition, and object localization. It will enable the
further development of methodologies towards flexible multi-robot systems
that are capable of performing complex interaction scenarios with humans.
For this the unification of motion planning, interaction control, and collision
detection/reaction will be further pursued. This is expected to finally lead to
the versatility and dynamic behavior of a robot that is so crucially needed in
pHRI. In order to accomplish this goal a unified way of treating motion and
phyiscal interaction needs to be found.

A further important aspect to be investigated in the future is the extension of
the different methods for collision avoidance, detection, and reaction to the
hand-arm system and biped systems as the DLR Biped.

To sum up, future research will be conducted in several fundamental areas,
e.g., mechanisms of injury in humans cooperating with robots, further under-
standing and control of variable stiffness actuation systems, sensory integra-
tion for workspace monitoring and collision prevention, learning and under-
standing human motion, task-oriented and reactive motion planning, and safe
control of human-robot interaction forces.

Supporting the technological transfer of novel research results to industry and
other trade branches has proven to be fruitful and successful for all parties
over the last years. Therefore, the collaboration with robot manufactures as
KUKA and selected users in the risk estimation and identification process of
human-robot interaction systems will be continued.

Starting from the perspective of safety in robotics, the work evolved over the
last years towards the much broader topic of pHRI. Recently, also novel as-
pects of cognitive Human-Robot Interaction, as e.g. the application of (in-
dustrial) design procedures for interaction processes in order to increase the
robot’s intuitiveness, usability, and feedback modalities, were investigated.
On the long term the ultimate goal is this holistic view on HRI, which will
potentially lead to a truly human-centered robot design from every perspec-
tive.
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Biomechanics and forensics

In this thesis various injury measures from biomechanics and forensics were
introduced and used for analyzing human injury in robotics. In order to give
the full picture an extensive overview on the most important injury classifica-
tion metrics and biomechanical injury measures is given in this appendix.

As suggested by the New FMVSS!, safety-measured regions can be divided
into following complexes :

1. head
2. neck
3. chest

4. lower extremities

In the following numerous injury indicators and measures for the head, neck,
and chest are described. In this appendix lower extremities are excluded due
to their lower relevance for robotics at the present stage. Injury mechanisms
of upper extremities are still investigated in current research and since some
according literature was already given in Chapter 10, this is also omitted for
brevity. As Chapter 5 reflects the state-of-the-art in sharp and acute soft-tissue
analysis already exhaustively, this part will only be completed by presenting
the automotive approach of investigating lacerations.

This appendix is organized as follows. Section 12.1 describes how injury is
commonly classified. Then, Sec. 12.2, Sec. 12.3, Sec. 12.4, and Sec. 12.5 present
injury indices for the human head, neck, chest, and eye. Apart from giving
some background information on the underlying biomechanics used in this

!'Federal Motor Vehicle Safety Standard
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thesis, this overview on severity indices is also intended as an outlook on
which other indicators will be analyzed in the near future.

12.1 Classifying injury severity

A common approach for obtaining severity indices (injury measures) intends
to reduce the required measurement into applying a defined input and quan-
tifying its reaction directly on the struck human body part. After analyzing
the outcome, a threshold (or a full scaling if possible) is to be defined that gua-
rantees non-severe consequences on the human body. Before introducing the
definition of common severity indices, and intuitive and internationally estab-
lished generic definition of injury level is described first.

12.1.1 The Abbreviated Injury Scale

A definition of injury level developed by the AAAM? and the AMA? is the
Abbreviated Injury Scale (AIS) [5]. It subdivides the observed level of injury
into seven categories from none to fatal and provides an intuitive classification,
see Tab.12.1. This classification gives no hint as to how to measure possible
injury. This is provided by so called severity indices. Table 12.1 gives example
injuries for the head, thorax, cervical spine, and extremities as described in
[36]. An important fact to notice is that the scaling between the levels of AIS
is nonlinear. This implies that injury of level A7S3 is far from being half as life
threatening as A156.

As multiple injury may be fatal even though each isolated one is non-lethal,
the Maximum AIS (M AIS) and Injury Severity Score (1.55) were introduced.
MAIS is the maximum occurring AIS score and 1SS is defined as

ISS = A + B? +C?, (12.1)

where A, B, C are the AIS scores of the three most injured body regions. Its
maximum value is ISS,.x = 75 and also if any of the sub-injuries is A156, 1S5S
is automatically set to 75. Important to notice is that a polytrauma is associated
with 1SS > 16. Please also note that the A7 S is generally not suitable for rating
the potential or duration of injury with respect to convalescence.

Next, the EuroNCAP as the European example of a classification system in
automobile crash-testing is described.

12.1.2 EuroNCAP

The ADAC crash-tests described in Chapter 4 were carried out according to
the EuroNCAP* which is based on the Abbreviated Injury Scale. The EuroN-

2 Association for the Advancement of Automotive Medicine
3 American Medical Association
*European National Car Assessment Protocol
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Colorcode Color Injury potential

Red Very high
Brown High

Orange Medium
Yellow Low
Green Very low

Table 12.2: Injury Severity and corresponding color code.

Head injury.
/ open/closed \
/skull injury\ /brain injury\
fracture soft-tissue injury focal diffuse
facial skull skull hematoma contusion
nasal bone fracture vault fractures laceration epidural h. coup/contre-coup Concuslsion
maxilla fracture basilar fractures contusion subdural h. ) swelling
intracerebral h. diffuse axional injury

Figure 12.1: Possible injuries to the human head [247].

CAP, inspired by the American NCAP, is a manufacturer independent crash-
test program uniting the European ministries of transport, automobile clubs
and underwriting associations with respect to their testing procedures and
evaluations [65]. The outcome of the tests, specified in the program, is a scor-
ing of the measured results via a sliding scale system. Upper and lower limits
for the injury potentials are mostly defined such that they correlate to a certain
probability of AIS > 3. Between these two values the corresponding score (in-
jury potential) is calculated by linear interpolation. A standardized color code
indicates injury potential and is given in Tab.12.2.

In the following, a survey is given on the most important blunt injury criteria
of different human body parts.

12.2 Injury criteria for the head

12.2.1 Possible head injuries and their mechanisms

As described in [247], possible injuries of the head can be classified according
to Fig. 12.1. Various injury mechanisms may cause these injuries, of which an
overview is given in [247]. Generally, the according mechanisms are divided
into static (A¢; > 200 ms) and dynamic. Depending on whether the injury
is caused during contact or non-contact, the impact force with its respective
deformation or the inertia with correlating acceleration define the injury. For
contact forces one generally distinguishes between bursting (for indirect con-
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Figure 12.2: Impact tolerance for the human brain in forehead impacts against plain yielding surfaces, [287].

tact) and bending fracture (for direct contact). For non-contact caused accel-
eration due to inertial effects the resulting injury mechanisms are focal and
diffuse brain injury, respectively.

According to [180] most research carried out in connexions with automobile
crash-testing distinguishes also the two types of head loadings:

1. Direct Interaction: An impact or blow involving a collision of the head
with another solid object at appreciable velocity. This situation is gene-
rally characterized by large linear accelerations and small angular acce-
lerations during the impact phase.

2. Indirect Interaction: An impulse loading including a sudden head motion
without direct contact. The load is generally transmitted through the
head-neck junction upon sudden changes in the motion of the torso and
is associated with large angular accelerations of the head.

12.2.2 The Wayne State Tolerance Curve

time duration  object configuration measured quantity  criterion
2 —5ms cadaver  drop test: occiput acceleration  cranial fracture
head on steel plate
5 — 40 ms cadaver, impact test: head pathological changes
animal pressure on open brain  acceleration
> 40 ms sled test: sled acceleration impaired consciousness,
acceleration concussion

Table 12.3: The Wayne State Tolerance Curve data basis.

For the head many criteria for type 1 interactions are available. Their major
theoretical basis is the so called Wayne State Tolerance Curve (WSTC) (also
known as cerebral concussion tolerance curve), a fundamental experimental
injury tolerance curve [173] forming the underlying biomechanical data of
many head criteria, see Fig. 12.2. It consists of data obtained from cadaver,
animal, and volunteer tests, see Tab. 12.3. In this early study it was assumed
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that cranial fractures indicate brain injury. In this sense it is important to notice
that in [123] it is stated that mild to moderate concussion accompanies a linear
skull fracture. However, it has been noted that concussions often occur with-
out fracture. Therefore, it is generally assumed that skull fractures occur along
with more severe concussions than concussions alone. Thus, it is assumed to
form an upper limit for concussion, which should not be exceeded.

There are several aspects to be regarded when interpreting the results of the
curve. Especially the long-duration end of the curve, which asymptotic value
is 42 g, was mainly obtained from whole body volunteer deceleration tests
in the pioneering work of Stapp [267, 268]. As later on other volunteers had
survived frontal crash simulations exceeding 45 g in [225], a value of 42 g was
considered as considerably too low. Therefore, they recommended to raise the
asymptote to 80 g.

Further fundamental biomechanical work that aims at an understanding of
the impact dynamics can be found in [252, 251, 253], where the mechanics of
head impacts are derived and a theory for the so called Countre-Coup injury
is formulated.

Next, the relevant quantities to predict injury due to rotational head motion
are discussed.

12.2.3 Rotational head acceleration limits

Rotational acceleration thresholds can e.g. be found in [214], which were ob-
tained from Rhesus monkeys and scaled via similarity transformation to the
human. The authors found the following tolerance law.

kr esus
Dmax— (12.2)

3
Mprain

The constant factor k;pesus is derived from the Rhesus monkey data.

In a second approach, published in [222], it was postulated that the investi-
gated “natural” head movements are surely harmless and this should be used
as a criterion. The result was a tolerance curve relating rotational accelera-
tion and residence time. An extensive listing of tolerance values for rotational
acceleration and velocity of the brain is given in [248], see Tab. 12.4.

Next, the head acceleration based HIC, 3ms-Criterion, and GAMBIT are de-
scribed. Due their correlation to acceleration these indicators are not able to
predict the injury risk of sustaining fracture mechanisms of the facial and cra-
nial bones.
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tolerance threshold | type of brain injury | reference

50 % probability: cerebral concussion [214]
wy = 1800 rad/s? for t < 20 ms
wyg = 30rad/s fort > 20 ms

wp < 4500 rad/s* and/or wy < 70 rad/s | rupture of bridging vein | [177]

2000 < wy < 3000 rad/s? brain surface shearing [6]

wp < 30rad/s: (general) [213]
safe: wy < 4500 rad /s>
AIS 5: Wy > 4500 rad /s>

w > 30rad/s:

AIS 2: &y = 1700 rad /s>
AIS 3: &y = 3000 rad /s>
AIS 4: &y = 3900 rad /s>
AIS 5: @y = 4500 rad /s>

Table 12.4: Tolerance thresholds for totational acceleration and velocity of the brain [248].

12.2.4 Head Injury Criterion

The most frequently used head severity index is the Head Injury Criterion
[287], defined as

1 to (%)
HI = At | — X < .
C36 HIAHZX{ t <At /tl HXHHth> } S 650 (12 3)

At = t2 - tl S Atmax = 36 ms.

||%z|| is the resulting acceleration of the human head” and has to be measured
in g = 9.81 m/s?. The optimization is done by varying ¢; and ¢y, i.e. the start
and stop time are both parameters of the optimization process. Intuitively
speaking, the HIC weights the resulting head acceleration and impact dura-
tion, which makes allowance of the fact that the head can be exposed to quite
high accelerations and is still intact as long as the impact duration is kept low.
In addition to the HIC34 the identically defined HIC;5 with Aty = 15ms ex-
ists. In typical automotive safety applications it is set to < 36ms, [182]. Com-
paring both likelihood distributions yields that corresponding injury probabil-
ities for HIC5 are more restrictive than for the HIC3q, see Sec.12.2.6. Further
details on the derivation of the HIC can e.g. be found in [287].

A criterion for side impacts proposed by the Economic Council for Europe
(ECE) is the Head Protection Criterion (HPC). Its formula is analogue to the
HIC, however, it is only evaluated for the duration of contact.

® ||%||2 =Euclidean norm
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12.2.5 3 ms-Criterion

The 3ms-Criterion, which is also based on the WSTC, requires the maximum
3ms-average of the resulting acceleration to be less than 72 g in the EuroN-
CAP. Any shorter impact duration only has little effect on the brain. In [80] a
threshold of 80 g was proposed.

12.2.6 Converting Severity Indices to the Abbreviated Injury Scale

Severity indices do not provide a direct interpretation of injury. Furthermore,
they are defined with respect to different physical domains. Thus they are
not directly comparable with each other, nor can they be combined. For this
purpose various mappings were developed to translate a severity index to the
Abbreviated Injury Scale. The NHTSA® specified the expanded Prasad /Mertz
curves [200] for converting HIC;5 values to the probability p(AIS > i) of the
corresponding AIS level ¢ which are shown in Fig.12.3 (left). In [161] a con-
version from HIC3q to p(AIS > 2,3,4)micse is defined. Since the EuroNCAP
underlays its injury risk level definition mainly on the p(AIS > 3)-level, the
corresponding functions for both HICs are illustrated in Fig.12.3 (right):

1

AIS > 3 _ 124

p( > 3)HIC15 - 63_39+%_o,00372}11015 (12.4)
In(HIC36) —

P(AIS = 3)nicss = P <%) : 12.5)

with ®(.) denoting the cumulative normal distribution with mean p = 7.45231
and standard deviation o = 0.73998. For p(AIS > 2)micss and p(AIS >
4)m1cse the numerical values are = 6.96352, 0 = 0.84664 and p = 7.45231,0 =
0.73998. For the very short impacts discussed in this thesis the evaluation of
HIC;5 and HIC36 lead to the same numerical value. The original publication of
these mappings can be found in [116]. The author analyzed the drop test data
documented in [230]. The HIC;5 indicates a higher risk level than the HICsg
for the same numerical value and is therefore more restrictive.

12.2.7 GAMBIT

The Generalized Acceleration Model for Brain Injury (GAMBIT) was intro-
duced in [198]. It aims at combining translational and rotational head response
into one criterion and is defined as follows

GAMBIT(t) = [<xH—@)>n + <°be (t)>m] , (12.6)

TH.

®National Highway Traffic Safety Administration
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Figure 12.3: Mapping HIC;5 to the Abbreviated Injury Scale (left) and comparing p(AIS > 3)mic15 with
p(AILS > 3)uicse (right).
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Figure 12.4: GAMBIT as a function of translational and rotational acceleration.
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T H tol A-P7 Resulting
human 38.1mm  45.72 mm
dummy 43.18 mm 5.08 mm

Table 12.5: Parameters and tolerance values of the Effective Displacement Index.

with 2 generally measured in [g] and the rotational acceleration wg in [rad/ s?].
In [154] a fully parameterized solution is given:

GAMBIT(¢) — [(g?)ﬁ + (;”g)g(g)%] o (12.7)

Figure 12.4 shows the iso-lines of the GAMBIT. A considerable simplification
of (12.7) was also derived and led to

.i'H wy
AMBIT = —
G 250 + 10000’

(12.8)

with Z 5y and wy being the mean translation and rotational acceleration, respec-
tively. The value GAMBIT= 1 represents the overall tolerance value. However,
due to the lack of validation it is hardly ever used and is not included into any
regulations so far.

The next two indices were developed for evaluating short impact durations
and the third one, the Revised Brain Model predicts injury severity for longer
durations of loading.

12.2.8 Vienna Institute Index

The Vienna Institute Index is based on a simple mass-spring damper of the
human head. The damping is chosen to be Dy = 1 and the eigenfrequency
wir,n = 635529, The according injury index is defined as a displacement rela-
tionship [180]:

T = xH,max, (12.9)
T H tol
where 2 max is the maximum displacement zz for a given acceleration pulse
and zp o] = 2.35 mm is the maximum tolerable value for this displacement.
Its critical tolerance level is defined as J = 1. Values J < 1 cause cerebral con-
cussion without permanent after-effects at worst, while J > 1 is considered to
be hazardous to life.

12.2.9 Effective Displacement Index

The Effective Displacement Index (EDI), introduced in [32], is similar to the
Vienna Institute model but is characterized by different damping and stiff-

ness values (eigenfrequency). They are set to Dy = @ ~ 0.707 and wg,,
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Figure 12.5: The Mean Strain Criterion model.

= 482 rad/s. This index differentiates in particular anterior-posterior and re-
sulting displacement, see Tab. 12.5. In [123] this criterion was evaluated and
compared to the Severity Index [76, 287, 77], where it was concluded that both
indices produced critical values as predicted by their original authors.

12.2.10 Revised Brain Model

The Revised Brain model uses the same dynamics model as the Vienna Insti-
tute Index or EDI. The damping and eigenfrequency are selected to be Dy =
0.4 and wg ,, = 175 rad/s, respectively. The proposed tolerance criterion is the
maximum deformation zg 1,1 = 31.75 mm for pulse durations of At; > 20 ms
and the head velocity &t = 3.43 m/s for pulse durations At; < 20 ms,
respectively.

12.2.11 Maximum Mean Strain Criterion

The Maximum Mean Strain Criterion (MSC) was introduced in [180] based on
modeling the human head as a 2-mass-spring complex, see Fig.12.5. Formally,
the criterion is defined as

€EH = i : (I'H2 - .%'Hl) < 0.0061, (1210)
i.e. it poses a constraint on the elastic deflection of the lumped head represen-
tation. Its underlying model was extended by a damper in series to the stiff-
ness [265] and the further revised to the so called Translational Head Model
(THM) [264, 266]. In this work strain rate was also proposed as a suitable in-
jury criterion. The approach is also applicable for L-R and S-I impacts. How-
ever, due to some inconsistent interpretations caused by the chosen formula-
tion the MSC never established itself over the years.

The last distinct severity index for the head described is the Maximum Power
Index (M PI). In contrast to the displacement, velocity, or acceleration based
approaches presented up to now, the M PI concentrates on the change of ki-
netic energy.
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Injury level Facial Laceration Criterion Equivalent AIS
0 No cuts to outer layer -

1 No cuts to inner layer 1

2 Moderate to major cuts to inner layer 2/3

3 Moderate to major cuts to inner layer 2/3

Table 12.6: Proposed tolerance levels for the Facial Laceration Criterion [128].

12.2.12 Maximum Power Index

The M PI introduced in [199] is the weighted change of kinetic energy HIP of
the human head and the weighting is carried out by two sensitivity matrices
C, = diag{c,;} with ¢, ; > 0 and C,, = diag{c,;} with c,; > 0.

Pl = C,Mi%y- -Xg+ CgoMgowH ‘wg =
— C,HIP, + C,HIP, (12.11)

M, M, are diagonal matrices, consisting of the effective mass and moment of
inertia of the head, respectively. The Maximum Power Index is then defined
as

MPI = max(PI) (12.12)

C, and C, were not yet determined and are therefore set to unity matrices.
The M PI has not been introduced in any regulations so far. However, this
index is validated by analyzing collisions of American football players during
a game. Based on this analysis they found a 50 % probability of concussion at
HIP.x = 12.8 kW. Nonetheless, further analysis is still necessary to concisely
correlate HIP with more severe injury mechanisms.

Next, a method from automotive testing for analyzing facial laceration is de-
scribed.

12.2.13 The Facial Laceration Criterion

Investigating facial laceration in automobile crash-testing originates from de-
signing car glass. For these tests two layers of chamois leather are put over
the facial HIII dummy area and after the collision the cut depth in the chamois
and the number of cut layers are observed. If the inner layer did not suffer
any injury the laceration is classified as minor, while moderate to major lac-
eration injury correlates to large cuts in the inner layer. The original work
[134] proposed the so called Chamois Laceration Scale. In [128] a proposal for
the tolerance levels for the Facial Laceration Criterion is given that is directly
associated to the observed effects on the 2-layer chamois. Table 12.6 shows
the correlation between injury level, facial laceration injury criterion, and AIS
from [128]. It is significantly simplified in comparison with the original def-
inition given in [134]. A general drawback of the chamois based methods so
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Facial bone Fracture force impactor diameter reference

Mandible (A-P) 1.78 kN 0.029 m [249]
Mandible (lateral) 0.89 kN 0.029 m [249]
Maxilla 0.66 kN 0.029 m [249]

Zygoma 0.89 kN 0.029 m [249]

Cranial bone Fracture force impactor diameter reference
Frontal 4.0 kN 0.02m [19]
Temporo-Parietal 3.12 kN 0.029 m [183]
Occipital 6.41 kN 0.017 m [183]

Table 12.7: Facial Impact Tolerance of Cadaver Heads.

far is that they require a skilled subjective interpretation. In [227] the authors
proposed the so called Triple Laceration Index (TLI), which is a quantitative
assessment of laceration severity. They used two layers of chamois and an un-
derlying layer of rubber. The TLI relates number, lenght and depth of cuts in
the chamois to an according level of laceration severity in the skin.

In the following, the biomechanics of facial and cranial fractures are reviewed.

12.2.14 Fracture forces

Frontal y 3 - 0N
A it

Sphenoid / |
Ethmoid \\ < wf/‘”m T \

Nasal. 2
) Moo

Lagrlmal

(\ ‘\\‘L e \ Y\/ )(Qj
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Figure 12.6: (Simplified) anatomy of the human skull [1].

In [123] it was shown that frontal bone fracture occurs at the same acceleration
level as would be predicted by the WSTC. Contact forces were therefore shown
to be directly related to fractures of facial and cranial bones. Generally, the
human skull consists of cranial and facial bones, which have varying fracture
tolerance. Fractures are commonly categorized into linear (well distributed),
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Extensi7 N:lexion

Shearing
Compression

—<—
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Figure 12.7: Taxonomy of neck motions.

Load @0 ms @25 — 35ms @45 ms
Shearing: F, F, 1.9/3.1kN 12/15kN  1.1/1.1kN
Tension: F, 2.7/33kN 23/29kN  1.1/1.1kN

Extension: M,  42/57Nm 42/57 Nm 42/57 Nm

Table 12.8: Higher and lower performance limit specified for the human neck.

depressed (< 13 cm?) and depressed with punch through fractures (< 5 cm?).
Linear or simple fracture of the skull is rated with AIS = 2. Comminuted,
depressed fracture of < 2 cm is rated with AIS = 3. Complex, exposed or loss
of brain tissue fracture corresponds to AIS = 4 [31]. As already mentioned
fractures are related to impact forces and were investigated quite extensively
in the biomechanics literature.

In Tab. 12.7 limits of the facial and cranial bones according to [183, 67, 123, 19,
249] are listed (some measurements are omitted for brevity). The correspond-
ing terminology of the head anatomy is illustrated in Fig. 12.6. Generally,
the fracture force depends on the contact area used for such tests. Therefore,
the impactor size used for the particular experiments are listed as well.[19]
showed that the fracture force of the frontal bone is 4.0 kN and [183] that the
temporoparietal bone has a tolerance force of 3.12 kN. [249] determined the
tolerance force of the mandible (A-P), mandible (lateral) maxilla, and zygoma
to be 1.78 kN, 0.89 kN, 0.66 kN, and 0.89 kN, respectively. For the nasal bone
[206] measured a tolerance value of 0.34 kIN.

An important aspect of safety in automobile crash testing is neck injury, which
is described in the following.
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Cartilage Mean [N] Range [N] Nature of Fracture
excised thyroid 180 62 — 377  incipient cracking
excised circoid 248 156 — 302  incipient cracking
simultaneously loaded 490 337 — 810  imminent total collapse
thyroid in situ 400 — 445 marginal fracture
thyroid in situ 400 — 445 marginal fracture

Table 12.9: Dynamic fracture loads for the thyroid and circoid cartilages.

12.3 Injury criteria for the neck

In general, inertial injury mechanisms of the human neck are related to forces
and bending torques acting on the spinal column. They can be caused by di-
rect impact to the neck or via head inertial loading. In the EuroNCAP corre-
sponding limits for the latter injury class are defined with respect to the posi-
tive cumulative exceedance time, see Tab. 12.8. Between these values a linear
interpolation is carried out. The corresponding taxonomy of the neck is illus-
trated in Fig. 12.7, whereas the EuroNCAP specifies limit values only for the
motions listed in Tab. 12.8. A good summary of the underlying biomechan-
ical references is given in [183] and further information can also be found in
[188, 186, 187].

Apart from these standardized limit values, which do not cover isolated direct
neck loading [183] described tolerance forces for the thyroid and circoid carti-
lages based on data from [185, 78]. The measured dynamic fracture forces are
listed in Tab. 12.9, illustrating the sensitivity of these parts of the body.

12.4 Injury criteria for the chest

For the torso the available criteria are divided into four groups, which are
understood quite well:

1. force based criteria
2. acceleration based criteria
3. compression based criteria

4. soft-tissue based criteria

Before going into the details of the aforementioned classes of chest injury cri-
teria, the standard chest model used throughout this thesis is described.
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parameter value
Mcy 0.45 kg
Mo 27.2 kg
ke 26.3 kN/m
ke 78.8 kN/m
dea 0.525 kNs/m
dc2 1.23 kNs/m
do 0.0318 m

Table 12.10: Parameters of the Lobdell chest model.

12.4.1 Lobdell’s chest model

The standard lumped abstraction of blunt chest impact dynamics is Lobdell’s
chest model [175]. The authors provided parameters for both human cadavers
and HIIIs, respectively. It consists of two lumped masses, two stiffnesses, and
two damping elements. Its structure was developed from impact experiments
with human cadaver, volunteers, and dummies. M is the effective mass of
the sternum, a portion of the anterior rib cage, and thoracic contents. Mco
is the effective mass of the remaining portion of the thorax. z¢, and z¢, are
their position variables. The thoracic system can be described by following
differential equations:

MCljcl = fext - g(ch) - h(AxC) (1213)
9(Azc) + h(Aic) (12.14)

Meoic,

where Azc = z¢, — x¢, is the chest deflection. The thoracic spring and damp-
ing force can be expressed as

— ke, (zey — x0y) it 0<(zey —2c,) < o
g(AxC) B { kC2 (xcl - 'TC2) - fext,O if («Tcl - «TCQ) > 0 (1215)
. i dC1 (‘fcl - $C2) if (i.cl - i'Cz) > 0
h(Azy) = { doy (L, — dey) i (dey —dcy) < Do, (12.16)

where fexi.0 = (kc, — ke, )do.

12.4.2 Force criterion

As force based criteria were already introduced in Chapter 4, only some addi-
tional remarks are given at this point.

The human sternum is generally able to withstand high static strains. Contact
forces of up tp 3.3 kN pose only minimal risks to the sternum. According to
[166] even higher loads are subcritical in most cases.
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12.4.3 Acceleration Criterion

The acceleration criterion (AC) is also called chest criterion and was applied
to whole-body response studies, as well as to the assessment of potential chest
injury in frontal impacts. The respective limits are

max(kc,,) < 60g = 588.6 - A Af; < 3ms (12.17)
S

max(Azc) = max(zry, — rp,) < 63 mm.

The NHTSA [3] gives also for the critical chest acceleration and deflection a
mapping from Xp,, and s, — 7, to probability of injury severity.

p(MAISZ+) = (1 + exp(1.2324 1— 0.0576%(;max ))

p(MAIS3+) = (1 + exp(3.1493 1— 0.0630% ¢, max))

PMAISH) = s - 0.0630%C,max))

PMAISSH) = oo @765 1— 0.0659% ¢ max ) (219

1

p(MAIS2+4) = (1 + exp(1.8706 — 0.04439(Azc))

p(MAIS3+) = (1+ exp(3.71241— 0.0475(Az¢))

p(MAIS4+) = 1+ exp(5,09521— 0.0475(Azc))

p(MAIS5+) = 1 12.19)

(1 + exp(8.8274 — 0.0459(Azc))’
where p(MAISi+) is the probability of the i-th or higher MAIS level to occur.

12.4.4 Compression-Criterion

From evaluated cadaver experiments it was derived that acceleration and force
criteria alone are intrinsically not able to predict the risk of internal injuries
of the thorax. Generally, these tend to be a greater threat to human survival
than skeletal injury. Kroell analyzed a large data base of blunt thoracic impact
experiments and realized that the Compression Criterion

CC = ||Axcll2 < 22mm (12.20)

is a superior indicator of chest injury severity. Sternal impact especially was
shown to cause compression of the chest until rib fractures occur [164, 166].
For the Compression Criterion (CC) an empirical relationship to the AIS index
(the AIS is assumed to be a continuous function) was found.

AIS(CC,t) = —3.78 + 0.198CC,  for CC' > 21.11 % (12.21)
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In (12.21) the CC is assumed to be normalized with respect to the initial thorax
thickness [...

12.4.5 Viscous-Criterion

The viscous criterion (VC), which is also known as soft-tissue criterion [166,
165] is defined as

Jaxell

VO = col| Akl "=

<0.5 % (12.22)

In contrast to the CC, it is the product of compression velocity and the normal-
ized thoracic deflection. The scaling factor ¢, and the deformation constant
(actually the initial torso thickness) [. depend on the used dummy and are
summarized in [300].

In the next section some recent findings from biomechanics of eye injury are
shortly described. These will be a basis for future investigations.

12.5 Eye injury

In [143] blunt eye injury was analyzed with respect to its occurrence, cause,
and injury mechanisms. According to [143] low severity injury of the eye are

e.g.
AIS1:

e Corneal abrasions

¢ Hyphema: blood in anterior chamber

AIS2

Retinal detachment

Corneal/scleral laceration

Globe rupture

Eye enucleation

The authors state that 50.0 % of eye injuries in the United States are caused by
blunt objects and occurs in home environment with 40 %. This result is based
on an eye injury database from projectile tests, which was acquired experimen-
tally and from existing literature. Overall the authors analyzed data from 8 dif-
ferent studies, consisting of 251 individual tests. They performed a statistical
analysis of projectile characteristics related to eye injury risk and developed
parametric risk functions for corneal abrasion, hyphema, lens dislocation, and
globe rupture. The authors derived that normalized energy (energy density)
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is a good indicator of the different injury mechanisms. They verified their re-
sults with cadaver testing, developed an FEM model of eye impacting, and
contributed to the development of the FOCUS headform, a fully instrumented
headform for assessing eye and facial injury risk.
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Basics of optimal control theory

In this appendix some theoretical foundations of optimal control are summa-
rized that were used in this thesis. The description is kept concise in order to
only provide the relevant knowledge to understand the approach taken in the
thesis.

13.1 General theory

13.1.1 Optimal control of dynamic systems

Optimal control aims at finding a control input u for a dynamic system, which
maximizes/minimizes an appropriately designed cost function within the time
interval ¢ € [0 t;], given the initial and final state of the system. The criterion
can be a functional of the system state x(¢), the control input u(¢), and time ¢,.
u(t) and x(t) can be bounded. In the following systems are assumed, which
state space equations do not explicitly dependent on the time. Their mathe-
matical description is a system of differential equations of first order.

x(t) = f(x(t),u(t)) (13.1)

A general optimality criterion is to be chosen such that the timely evolution of
x(t) and u(t), as well as the final state of the system are weighted. Therefore,
an integral cost functional is a reasonable choice, which weights the final state
with the function h and the timely evolution of the state and control input with
integrating the function g.

313
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ty
J = h(x(ty),ts) +/O g(x(t),u(t),t) dt (13.2)

The optimization consists of maximizing/minimizing J under the constraint
of the state equations. This is a typical problem from calculus of variation.
For the optimization of dynamic systems the Hamiltonian method is a well
known scheme. This formalism transforms a constrained optimization prob-
lem of the state equations into a problem without constraints. This is carried
out by introducing Lagrange multipliers [281]. The cost function is extended
and becomes

ty
J=h(x(ty) ty) +/ g(x(t),u(t),t) + AT f(x(t), u(t),t) dt. (13.3)
0
The Hamiltonian is defined as follows.

H(x(t), A(t), u(t),t) = g(x(t),u(t),) + AT f(x(t),u(t),?) (13.4)

The partial derivatives of the Hamiltonian with regards to the state and the
co-states define a canonical system of differential equations.

. OH
A= _of (13.6)
ox

Thus, a canoncial system of Hamiltonian differential equations of order 2n is
created for a dynamic n-order system, if no further constraints are taken into
consideration. The boundary values of the adjoint equations are obtained from
the transversality condition for the final state.

Oh(x(ty))

Al =0 (13.7)

For general problems the minimization of the partial derivative of the Hamil-
tonian with respect to the control input (optimality or stationary condition)

0H
— =0 13.8
7u (13.8)
yields an optimal control trajectory. With these control equations, which in
general depend on the states and co-states, the canonical system of differential
equations can be solved.
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Finally, the Legendre-Clebsch condition, also known as convexity, gives the
confirmation of a local maximum of the optimality condition.

<0 (13.9)

13.1.2 Singular control problems

A distinctive feature of the problem that is investigated in this thesis comes
with the linear dependency of the Hamiltonian on the control input. For this
case the Hamiltonian can be split into two parts. The first one is independent
from u(t) and the second one is linear in u(t).

H(x(t),A(t),u(t),t) = Hi(x(t), A(t),t) + Ha(x(t), A(t), t)u (13.10)

For this case (13.9) does not lead any optimal control trajectory since ?;Tf;f is not
a function of u. This is a so called singular control problem [220, 34]. However,
by introducing a bounded control input, the maximum principle of Pontrya-

gin, introduced in 1956, yields an optimal control trajectory.

13.1.3 The maximum principle of Pontryagin

The Pontryagin maximum principle states that the optimal control input is the
one that maximizes the Hamiltonian at every time instant [148].

H(x(t),A(t),u(t),t)<H(x(t),A(t),u*(t),t) (13.11)

The stationary condition (13.8) has to be replaced by (13.11). The Pontryagin
maximum principle is a necessary but no sufficient optimality condition. It is
possible that several control trajectories exist, which are not optimal but satisfy
the maximum principle. A mathematical proof for this statement is given in
[229].

For singular control problems of the form (13.10) the maximum principle leads
to bang-bang control, for which the control input u* is assumed to be bounded.

Uj, min <wu; < U, max (1312)

Now, the maximization of the Hamiltonian only depends on the sign of H»,
which is labeled switching function. A maximum is given for positive switch-
ing function associated with maximum control input and negative switching
function with smallest control input. For H» = 0 singular control inputs are
obtained. Since the control input is bounded, the maximum principle is satis-
tied with following switching law [148].
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Ui min, Hi2 <0 (13.13)

Ui, max > Hi,2 >0
sing., H;2=0

13.1.4 Bounded state variabels

For a given optimization it is often desired to satisfy further constraints apart
from minimizing the cost function. For their solution this can yield to bound-
ary control, boundary contact points, or singular control inputs. In the follow-
ing, state and control bounds are defined as follows.

S = g(x(t),u(t),t) <0 (13.14)

The order of state bounds is defined as the ¢th derivative of S

q q
gla) — 48 _ dig(x(),u®).t) _ (13.15)
o o

that explicitly contains the control input u first. For the given optimization
problem the compliance of bounds is necessary. This may lead to contact
points, which can only occur for second order state bounds [40]. The state
bounds are coupled to the Hamiltonian via a second set of Lagrange multipli-
ers p.

Hx A uwt) = —gx(t),u®),t) + AT f(x(t),ut),?)
+18@ (x(t), u(t), t) (13.16)

Equation (13.16) denotes the augmented Hamiltonian [34]. For p following
condition holds.

—o 90 (13.17)

{ =0, S<0
The second set of Lagrange multipliers is zero if (13.15) is fulfilled and larger
zero if the bound is activated. The derivation of the canonical system of differ-
ential equations from (13.16) leads to jumps in the adjoint equations. Accord-
ing to [34] following conditions hold for occurring contact points.

250
AT(E) = A (ty) = o= (13.18)

ds©
dt

H(tH) = H(ty) + po (13.19)
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For contact points, which show extremal behavior at contact time ¢;, the tan-
gency condition

SMW(x, 1)
N(x,t) = : (13.20)
Sla=1)(x,t)
has to be fulfilled. For the problem withg —1 =1
S(O) (X, tb) 0
N(X7 tb) = [ S(l)(x, tb) :| = |: 0 :| (13.21)

is obtained. Optimal control theory leads for nonlinear problems to two-point
boundary problems (BVP), which can only be solved analytically in simple
cases [220]. For their numerical treatment methods were developed that base
on powerful methods for solving initial value problems. A well-known class
of such schemes are the shooting methods.

13.2 Shooting methods for solving MPBVPs

In this section two methods are discussed for solving multi-point boundary-
value problems (MPBVP): single-shooting and multiple-shooting methods.

13.2.1 Single-shooting

@

r(s;x(t;s)

Figure 13.1: Single-shooting method

According to [115] MPBVPs can be formulated as follows.

x = f(x(t),u(t),t)  withte[0 Ty] (13.22)
9(x(0),x(tf)) =0 (13.23)
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The state equations (13.22) have to be solved while fulfilling the constraints
(13.23). If for each differential equation only an initial or a final value are
given, the boundary values are called entirely separated. The basic idea of
the single-shooting method is to parameterize the initial value problem (IVP)
appropriately. An estimated parameter vector sy € R", which is called shot pa-
rameter contains the initial values of the IVP. For switching operations as e.g.
for bang-bang control, the switching times q are to be estimated as well. With
s € R the initial value problem is solved. The solution usually deviates from
the exact solution, producing an accordingly designed residual r that vanishes
for the exact solution, see Fig. 13.1. The residuum is formulated as a functional
relationship between s and the solution for final time x(ty).

F(s) =r(s,x(tf,s)) =0 (13.24)

Now, the problem is reduced to finding the root of r, which can be solved with
a (modified) Newton or bisection method [115]. After each iteration, the initial
value problem is solved with new initial values and the residuum is calcu-
lated and analyzed. For nonlinear differential equations there exists usually
no unique solution of the BVP. Therefore, it must be ensured that the initial
estimation of the start parameters are close enough to the correct solution for
ensuring convergence.

Next, the concept of multiple-shooting is shortly discussed.

13.2.2 Multiple-shooting

x(T1,50)

. /* Sz _,.\\______ .x( TN:SN)
) (T 8) 7 T

st X(12,81)

Figure 13.2: Multiple-shot method

In [35] it was shown that the deviation in the start parameters influences the
error of the solution exponentially with growing final time. Due to this fact
the multiple-shooting method was developed, which divides the entire con-
sidered time interval into /V partial ones.
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t0<T1<T2<...<TN_1<tf (1325)

For each of these intervals the single-shooting method is applied and thus for
every partial interval estimations of the partial initial conditions are needed,
see Fig. 13.2. This can be difficult for differential equations of higher order and
many nodes. In other words a good intuition about the solution is needed in
advance. As described in [40] other optimization techniques as collocation or
homotophy are used for this purpose. Inner point conditions, as they occur
due to state and control input bounds, can be incorporated with additional
nodes and their respective boundary conditions.

Analogous to the single-shooting method the solution is obtained via a root-
tinding problem, which can be approximated with one of the already men-
tioned iterative methods.

A powerful implementation of the multiple-shooting method is the program
packet BNDSCO [208]. The sourcecode written in FORTRAN?77, is freely avail-
able, and was used in this thesis for solving some of the occurring problems.

For the QA-Joint the insights from optimal control theory were used to formu-
late the optimization of the control trajectory as a simple parameter optimiza-
tion problem, see Chapter 9. These can be solved with classical optimization
techniques. As the Nelder-Mead Simplex-Downhill algorithm was used for
solving the QA-Joint optimization problem, this is shortly describe next.

13.3 The Nelder-Mead Simplex-Downhill algorithm

The Nelder-Mead Simplex-Downbhill algorithm is due to its high robustness a
widely spread optimization algorithm for solving mutli-dimensional nonlin-
ear and unbounded optimization problems. It does not use gradients and is
classified as a direct search algorithm [162]. It seeks for a local minimum of a
scalar quality function J, which can depend on several parameters p.

mgn{J(p)} (13.26)

In a first step n + 1 points are generated for n parameters around the given
initial value and the cost function is evaluated for all points. According to the
result the points are indexed, and then varied by four mappings according to
Fig. 13.3.

The algorithm consists of following steps, iteratively applied until a conver-
gence criterion is satisfied:

1. Calculate the center of the best n points of the simplex as the averaged
mean

1
==Y pn 13.27
2=—-> D (13.27)
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a) reflection b) expansion ¢) contraction d) reduction

Figure 13.3: The four simplex mappings of the SIMPLEX-Downhill algorithm.

2. The point with lowest quality is mirrored along this center z (reflexion).
If the mirrored quality value is larger, the old one is depleted.

3. If the mirrored point has the highest quality of the ensemble, the simplex
is stretched along the line (p; — z) by a constant factor (expansion). If
the quality is higher, the old point is depleted, otherwise the originally
mirrored point is kept.

4. If the mirrored point has the lowest quality a contracted point is calcu-
lated. In case this leads to an increase in quality the contracted point is
kept and the originally mirrored one is depleted.

5. If none of the operations depicted in Fig. 13.3 (a.-c.) leads to an increase
in quality, the simplex is reduced in size while keeping the point with
the best quality result (Fig. 13.3 d.) and the algorithm is repeated.

The convergence rate of the method is comparably slower to gradient based
techniques. More detailed discussions are given in [162].

A possibility to use the Simplex-Downhill method for optimization problems
with bounds is to extend the quality function with a penalty term

mlgn {J(P) + Jpen}, (13.28)

increasing the cost if boundaries are violated. This reduces a bounded problem
to an unbounded one.

In the next section some measurements are shown to depict the compliance
of the stiffness motor of the QA-Joint. These were obtained to justify the as-
sumption of symmetric torque deflection properties while keeping a desired
stiffness value.

13.4 Compliance of stiffness adjustment motor

Figure 13.4 shows the elastic properties of the stiffness adjuster during exter-
nally caused deflection ¢ of the link. Only little compliance is observed, which
is several orders of magnitude smaller than the minimum compliance of the
elastic mechanism.
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Figure 13.4: Elastic behavior of the stiffness adjustment motor for different stiffness presets under loading
conditions.
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Figure 13.5: Solution of the switching function with stiffness adjustment.

Next, the solution of the adjoint equations for the QA-Joint is given. This is
necessary to prove that stiffening the joint complies with optimal control the-
ory and is thus an optimal solution.

13.5 Solving the adjoint equations

In order to confirm the assumption A* > 0 for the experiment carried out in
Sec. 9.4.5, the adjoint equations have to be solved for the time interval of stiff-
ness adjustment. Since they do not show discontinuities they can be solved
numerically as a final value problem by utilizing the already optimized solu-
tion of the state equations.

The solution of the adjoint equation systems in the time interval [t ¢¢] gives
the confirmation that the stiffness adjustment presented in Sec. 9.4.3 is indeed
satisfying optimal control theory. For this, the switching function A* has to
have positive sign in this interval. The system of differential equation for the
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adjoints is

Moo= —)\3%[(]3 (13.29)

Jo = X ((bs — br)exp (15(p — 0)) (13.30)
—(as —ag)exp (15(p — o)) + Kp)

A3 = —Xo+ A3% (13.31)

b= (dagp +deg ) (@s e (3 -a) 1332
+(as — ar) exp (15(¢ — 0)))

As = =\, (13.33)

where ¢ = z3 — 4. With final values AT (t;) = [0 0 0 0 1] the problem
can be formulated as final value problem and e.g. be solved with the Runge-
Kutta method. Figure 13.5 depicts the solution of the switching function \* =
Asi; — A35, showing the positive sign over the relevant time interval.
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Braking tests

In this appendix the measurements of braking distances with the LWR-III,
KR3-SI, KR6, and KR500 are given.

Motor braking velocity 6,

— O.ém/s
Brakes engage: :%%2 1

Tmax €xceeded |—1.3m/s |+
—2.0m/s

0, [Degree/s]

-40 :
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
time ¢[s]
Motor braking distance 6,

25 ‘ :

—0.2m/s
——0.7m/s [
—1.0m/s
—1.3m/s
—2.0m/s

Il T
0.08 0.1 0.12 0.14 0.16 0.18 0.2
time t[s]

I I
0 0.02 0.04 0.06

Figure 14.1: Braking behavior of the motor in axis 1 for the LWR-III at various velocities. At 2 m/s the
maximal nominal joint torques are exceeded and a low-level safety feature causes the brakes to engage.

In Table 4.4 the braking distance of the LWR-III, resulting from impacting the
mockup of a crash-test dummy head (dummy-dummy), illustrates the effect
of external forces on braking distance. The robot’s link side braking distance
reduces by > 1/3 with the given additional impact forces. The motor braking
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braking velocity
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Figure 14.2: Cartesian, i.e. link side braking behavior of the LWR-III at various velocities. At 2 m/s the
maximal nominal joint torques were exceeded, causing the robot to perform a low level stop engaging the
brakes. The stop time is the same for all velocities. xr possibly increases in the beginning due to pretension
in the joint springs and the lack of constant velocity phase.
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Figure 14.3: Category 0 stop with collision for the 54 kg KUKA KR3-SI at various impact velocities. The
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Figure 14.4: Category 1 stop (a.) and Category 0 (b.) stop with collision for the 235 kg KUKA KR6 at
various velocities up to maximal TCP velocities possible with joint 1, i.e. g1 = ¢}"®*. The idle and braking
time at 3.7 m/s are indicated (left column). Category 1 stop (a.) and Category 0 (b.) stop for the 2350 kg
KUKA KR500 up to maximal TCP velocities possible with joint 1, i.e. §1 = ¢]"®*. The idle and braking time
at 3.7 m/s are indicated (right column).
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behavior and distance of the LWR-III can be extracted from Fig. 14.1, where
the measured curve in absence of a collision is plotted. The motor reacts 4 ms
after the stop is initialized, whereas the link side is delayed due to the intrinsic
joint elasticities, see Fig. 14.2. The effect of increasing velocity is caused by the
energy storage and release in the intrinsic joint spring!.

Braking distance and velocity profiles of the industrial robots are given in
Fig. 14.3 and 14.4, where the point of origin ¢ = 0 s indicates the beginning
of physical contact with the dummy-dummy (MOC=Moment of contact). Be-
cause of their high inertias the industrial robots were not noticeably influenced
by the impact with the dummy-dummy. Therefore, the results are not differ-
entiated in Tab.4.4, unlike for the LWR-III. This was confirmed by braking tests
without external disturbances.

!This effect is the same as already described in Chapter 8 and 9. Apparently, already the
moderate stiffness of the LWR-III can be used to cause this effect.
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