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Foreword

Robotics is undergoing a major transformation in scope and dimension. From a
largely dominant industrial focus, robotics is rapidly expanding into human envi-
ronments and vigorously engaged in its new challenges. Interacting with, assisting,
serving, and exploring with humans, the future robots will increasingly touch people
and their lives.

Beyond its impact on physical robots, the body of knowledge robotics has pro-
duced is revealing a much wider range of applications reaching across diverse
research areas and scientific disciplines, such as: biomechanics, haptics, neuro-
sciences, virtual simulation, animation, surgery, and sensor networks among others.
In return, the challenges of the new emerging areas are proving an abundant source
of stimulation and insights for the field of robotics. It is indeed at the intersection of
disciplines that the most striking advances happen.

The Springer Tracts in Advanced Robotics (STAR) is devoted to bringing to the
research community the latest advances in the robotics field on the basis of their
significance and quality. Through a wide and timely dissemination of critical re-
search developments in robotics, our objective with this series is to promote more
exchanges and collaborations among the researchers in the community and con-
tribute to further advancements in this rapidly growing field.

Working and interacting in shared workspaces with humans, the new robots are
increasingly challenged for achieving the highest levels of dependability and safety.
Safety has indeed come to represent one of the major themes in robotics research for
those applications that bring robots in contact with humans. These include coopera-
tive material-handling, power extenders and such high-volume markets as rehabili-
tation, physical training, entertainment, among others. The authoritative monograph
by Sami Haddadin focuses on the central problem of controlling the physical inter-
action between the robot and the human in a safe and dependable manner. Taking a
biomechanical approach to assess the level of injury in case of accidental impacts,
the analysis is used not only in the design of innovative lightweight arm structures
but also for the development of novel control schemes for collision detection, reac-
tive behaviors, and ultimately human-robot coexistence. The extensive experimental
validation of the proposed concepts on dummies and even on humans has rapidly
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risen to the role of a significant milestone in the growing area of soft robotics. By the
depth of its analysis and exceptionally salient experimental work, this monograph
offers one of the most comprehensive treatments of the safety challenge in our field.

Remarkably, the monograph is based on the author’s doctoral thesis, which re-
ceived the 2012 EURON Georges Giralt PhD Award. A very fine addition to STAR!

Naples, Italy and Stanford, USA Bruno Siciliano and Oussama Khatib
May 2013 STAR Editors



Foreword

Today’s industrial robots still are heavy, fast and strong positioning devices, which
are supposed to guarantee precision by high stiffness; but thus in their load/weight
relationship (typically 1:5 or less) they are clearly inferior to the human arm, which
can hardly guarantee pure positioning precision, but via sensory feedback (vision
and tactile) they can perform the most delicate assembly tasks despite of changing
environmental conditions. Yet even with a camera and a force sensor in wrist or
gripper classical industrial robots are not really competitive with humans in the
wide field of assembly and they are strictly separated from humans by fences thus
avoiding any kind of touch and danger for humans.

Since a number of years it has become clear that future production assistants and
personal assistants for elderly care, cooperating closely with humans, must be of dif-
ferent type. The soft robotics paradigm became popular, e.g. joint torque controlled
arms with programmable or self-adaptable stiffness and compliance. The idea of
robots which a human can touch every where along the arm and which sensitively
react thus avoiding injuries of the human was realized in DLR’s light weight robot,
the control concepts of which were already inspired by Sami Haddadin’s early work.
Space flight with its requirements for minimal weight and energy needs had driven
these technologies, aiming at a new generation of robonauts cooperating closely
with human astronauts, including programming and learning by demonstration e.g.
in direct physical contact.

Practically in all future applications of assistance robots the direct interaction
of human and artificial arms is a key problem with respect to Asimov’s Ist law,
which requests that a robot is never allowed to injure a human. But even with the
above mentioned soft robotics technologies this request is not easy to fulfill. Even
a fully compliant robot with a sharp knife in his hand hitting e.g. a human’s eye
would easily break this law. No matter how quickly he would retract his arm after
the slightest touch. Thus “robot safety” became a “megatopic” in the last years and
Sami Haddadin one of the worldwide most experts in the field. He treated the basic
problems from the most diverse aspects, not only from the advanced feedback and
control techniques but also from the biomechanical side. In close cooperation with
medical doctors he investigated the biomechanical quantification of human injuries
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by incidental collision with robot arms and tools, involving the stabbing of human
and animal tissue by knifes and guillotines. His fundamental work for the first time
gives clear hints on the influence of diverse robot design parameters (e.g. inertia,
speed, kinematics) on the degree of injury for a human in case of a sudden collision.
He has performed innumerous simulations, life experiments (including self trials)
and crash tests with dummies and thus generated presumably the first systematic
data collection and evaluation of robot-human injury. They have laid the basis for
his innovative motion control and path planning concepts for the safe assistance
robots of the future.

Oberpfaffenhofen, May 2013 Gerd Hirzinger



Preface

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. Various factors like low
robustness and the lack of computing power were large hurdles in realizing robotic
systems for highly demanding tasks in e.g. domestic environments or as robotic
co-workers. The recent increase in technology 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 extent.

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 monograph, which originates from my PhD thesis to a large extend, the
essential question about the necessary requirements for a safe robot is addressed in
depth and from various perspectives. The approach taken here focuses on the biome-
chanical level of injury assessment, addressing 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 explo-
ration of various measures to improve the safety in human-robot interaction. They
range from control schemes for collision detection, and reaction, to the investiga-
tion 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, this mono-
graph 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 monograph is the development of a concept for a robotic co-worker
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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 applied in various other applica-
tions that deal with physical Human-Robot Interaction as e.g. the first continuously
brain controlled robot by a tetraplegic person or an EMAd] controlled robot.

Generally, all aspects discussed in this monograph are fully supported by a va-
riety 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 monograph attracted also
significant public attention, confirming the importance of the topic for robotics re-
search.

The major parts and contributions of this monograph are described hereafter in
more detail.

Structure of the Book

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

State of the Art

Human-Robot Interaction (HRI) is one of the grand challenges of robotics research.
In HRI, contributions in such diverse fields as robot design, control, manipulation,
or human-robot communication have been carried out. Chapter Rlreviews work rel-
evant 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 outlined. The earliest
ones focused on strictly separating the workspace of human and robot and therefore
minimized the risk of any possibly dangerous situation to occur. In this sense, no
cooperation takes place and most accidents happen during maintenance or an op-
erating error. Other work initiated risk analysis from a more formal and classical
point of view. Further contributions concentrated on realizing collision avoidance
schemes or minimizing the potential risk during collisions based on appropriate
measures. Although several criteria, countermeasures, and control schemes for safe
physical Human-Robot Interaction (pHRI) were proposed in the literature, the main
objective of actually quantifying and evaluating them on a biomechanical basis was

' EMG: electromyography.
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only marginally addressed. Since the underlying biomechanical and forensic litera-
ture has neither been reviewed nor fully introduced into the robotics literature, the
most important facts are summarized in Chapter [

Approach Taken in This Book

The key to this monograph is to make the human the central entity of the evaluation
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 countermeasure 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 monograph, 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 completely
prevent any harm to humans. This is especially demanded in a typical domestic
environment or in a scenario incorporating a robotic co-worker. Injuries have to be
absolutely avoided despite the desired active physical contact.

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 recent 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 monograph 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, before de-
scribing this methodology, a survey on the the novel contributions in the fields of
collision detection, reaction, and avoidance made in this monograph is given.
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Countermeasures during Physical Contact

A robot sharing its workspace with humans should be able to quickly detect colli-
sions and safely react to limit injuries due to physical contacts. In the 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. Ef-
ficient 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. Various reaction schemes to sensed collisions are pre-
sented and evaluated on an objective basis, pointing out the resulting benefits. The
outcome of these methods is already integrated in the new commercially available
KUKA Lightweight Robot 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, predefined
manner, a combination of reaction strategies provides an intuitive and effective re-
sponse to desired physical interaction or unintended collision/clamping.

Injury Assessment

During unexpected collisions, various injury sources as e.g. fast blunt impacts, dy-
namic and quasi-static clamping, or cuts by sharp tools are present. In Chapter[3land
various worst-case scenarios in pHRI are discussed and analyzed according to the
following scheme

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

Evaluate the effectiveness of countermeasures for injury reduction and preven-
tion

Nk L=

Up to now, attempts to investigate real-world threats via impact tests at standardized
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. In order to quantify
the potential danger emanating from the DLR Lightweight-Robot ITI (LWR-III), im-
pact tests at the Crash-Test Center of the German Automobile Club (ADAC) were
conducted and evaluated. The outcome 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 confirmed for various body parts with a series of impact tests
with a human. Furthermore, it shows that a robot, even with an arbitrary mass, mov-
ing not faster than 2 m/s is not able to be dangerous to a non-clamped human head
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with respect to typical severity indiced]. These strong statements were confirmed
by crash-tests with several industrial robots. After evaluating free impacts between
humans and robots, dynamic and constrained impacts at high robot speeds are ana-
lyzed, which are a major source of potential injuries especially for massive robots.
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. They are related to clamping close to singularities where the robot is able to
exert very large external forces.

In addition to the already described experiments, Chapter 3| interprets a large
experimental campaign of standardized crash-tests with robots of different weight
classes for varying impact situations. It also provides unique data that leads to fun-
damental insights into the characteristics of robot-human impacts.

Chapterl[6lgives an analysis of soft-tissue injuries caused by sharp tools which are
mounted on/grasped by a robot. An analysis of soft-tissue injuries was conducted
based on available biomechanical and forensic data and presumably for the first time
in robotics various experimental results with biological tissue which validate the
analysis are presented. Furthermore, the beneficial effect of the collision detection
and reaction schemes as possible countermeasures to prevent or at least reduce soft-
tissue injury are also analyzed. Again, the obtained results are confirmed with an
experimental human volunteer 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 detection sche-
mes, this monograph proposes and examines two pre-collision strategies in Chap-
ter[Zl 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 disturbance is present. In case of virtual or physical contact the algo-
rithm 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. 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.

2 Severity indices are injury measures used in the automobile industry. Head injury assessing
criteria mostly focus on the evaluation of head acceleration.
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Towards the Robotic Co-worker

In addition to generating the fundamental scientific basis for robot safety, a full con-
cept and implementation of a robotic co-worker in an industrially relevant scenario
was built up and is described in Chapter[8l 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 incor-
porates seamless switching between autonomy without human presence, physical
Human-Robot Interaction (pHRI), and autonomy under human presence. For this,
new concepts on various architectural levels of robot design were developed and
implemented on experimental test beds. The resulting state-based human-friendly
robot control architecture that unifies the interaction and motion control methods
developed in this thesis was e.g. used for the first robotic hand-arm system continu-
ously brain controlled by a tetraplegic person.

The Role of Joint Stiffness

Based on the evaluation for Human-centered Robotics, Chapter [9] discusses Com-
petitive Robotics in the context of RoboCup by extending the preceding analysis
that was carried out for physical Human-Robot Interaction. For this, two matches
from the (2006) FIFA World Cup in Germany serve as examples and are analyzed
with respect to scenes incorporating physical interaction. These interactions are re-
lated to the results in Chapter[3ll6l and sports science 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 velocity 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 directly
affects the prospects to effectively react to collisions. Therefore, this thesis also dis-
cusses and presents results on how novel joint designs contribute to increasing the
robustness and capabilities of a robotic joint. 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 def-
initely 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 elas-
ticity. 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, a fully integrated intrinsically compliant manipulator
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system. First results on the control and modeling of these devices were presented
in. Also, human inspired actuation paradigm may be used for implementing human
like adaptation of force and impedance.

Standards

Chapter [[1]discusses how the outcome of this thesis can be utilized for future stan-
dardization 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 partic-
ular, an overview of possible injuries, a classification attempt, 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. Furthermore, a definition of injury severity tailored to the needs of robotics
is proposed. At the end of the chapter, a clear start for establishing standardized sit-
uations, representing the most important cases that have to be treated for a full blunt
impact evaluation is provided.

Finally, the main conclusions of the thesis are drawn and an outlook on future
research directions is provided in Chapter[12

Oberpfaftenhofen, Sami Haddadin
October 2012
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Chapter 1
Introduction

For more than half a century it was predicted that robots will eventually interact
and work closely with humans in diverse everyday environments as well as sup-
port them in industrial scenarios. However, despite large efforts in all major robotic
fields, only recently have robots gained capabilities in both sensing and actuation,
which may enable operation in the proximity of humans. Direct high performance

Fig. 1.1 Physical Human-Robot Interaction: The upper left image shows a scene from the
robot story Robbie written by Isaac Asimov. In the lower left a human is equipped with an
exoskeleton developed by Sarcos Inc. [B]. 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-III.
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2 1 Introduction

physical interaction became possible without the loss of speed and payload. Re-
cently, some significant contributions in control, design, motion planning, and safety
were achieved to provide a solid basis for 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

e automation of common daily tasks,

e 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,

e and unmanned warfare with human augmentation

are most likely to form large markets and cause significant impact on the society.
Apart from terrestrial applications, the use of robots in space applications, which is
the main activity field of the DLR Institute of Robotics and Mechatronics, intends to
relieve astronauts from both physical and mental burden during long and exhaustive
tasks. Especially during field work in space, humans 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] 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 [1].

System of interest

"/ \l‘ Safety-design level Example
| ] |
! ! [ Application safety ] [ “Around the lady” ]
44 1 Potential i Safety |1 o)
| threats | Fequirements 3 [ Safe planning ] [ Path planning, velocity profile ]
| | =
} ‘/ } % [ Safe controller design ] [Collision detection, reactive comrol]
| » | s S—
| [ ] 2 2 : Secure data transmission,
“ J j [ HW-level safety design ] [ redundant sensors . ..
safe physical | ‘~S<= ’ [ Safe mechanical design] [ Weight, actuation, ...
HRI

Fig. 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 In-
teraction aims at the coexistence of humans and robots in a common workspace and
at extending their communication modes by physical means. This spatial proximity
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leads to a variety of potential threats, determined by the current state of the sys-
tem of interest, which consists of the human(s), the robot(s) and their surrounding
environment, see Fig. [[.2] In order to adequately rate the situation, safety require-
ments based on a careful analysis of possible injuries a human can suffer are neces-
sary. 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 formulating 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 investiga-
tions of robot-human collisions and their related impact characteristics. The result-
ing contact forces during the impact phase may be reduced by pursuing a lightweight
robot design [13], by adding soft visco-elastic covering to the links [6], or by intro-
ducing compliance in the driving system so as to mechanically decouple the heavy
motor inertia from the link inertia [2, [7]. However, these pioneering works can only
be regarded as preliminary efforts towards achieving safe systems. On the standard-
ization side there exist guidelines as e.g. [4] 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 applications, e.g.
during complex assembly tasks, there are still numerous open problems. 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 monograph 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 algorithms were de-
veloped 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 monograph is provided.

Contribution of the Monograph

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

of the investigations, quantifying injury in its enormous variety by means of biome-
chanical and forensic analysis. This monograph 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 classification, together with the rich basis of experimental verification, al-
ready gave inputs to the definition of future norms for human-centered robotic sys-
tems. This gives the ability to formulate recommendations for future robot standards
based on thorough insights. These findings have already attracted large interest from
the industrial and from the standardization bodies as a basis to realize concrete ap-
plications incorporating pHRI in real-world scenarios.

A further important contribution of this monograph is the development of new
control schemes for collision detection and reaction algorithms. Their performance
is showcased in numerous experiments with several DLR robots. They can espe-
cially be used to rapidly detect and react to a possibly harmful collision 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
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virtual objects. The combination of the aforementioned methods provides the nec-
essary components for enabling pre-collision, contact, and post-contact strategies.
This complex, together with classical control schemes as e.g. Cartesian impedance
control, represents all necessary steps to interface a reactive global motion planner
that coarsely provides milestones. It leaves the particular 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 architectural
basics for building robotic systems for physical Human-Robot Interaction, exem-
plarily demonstrated in a complex robotic co-worker scenario. An efficient hybrid
state based concept is outlined that uses multi-sensor inputs to generate flexible
robot behavior. The underlying concept is to provide task completion under the ab-
solute premise of guaranteeing safety for the human.

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

Competitive Robotics

This term is introduced to distinguish research fields whose applications require
an absolute no-harm guarantee to the human (co-workers, service robots, ...) from
those, whose implementations aim at designing robots that can compete 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 humans,
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 comparable to humans. Therefore,
it is focused on this aspect and various insights into the influence of intrinsic com-
pliance and how it can help to achieve Competitive Robotics are 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. Usu-
ally, it is stated that a clear safety benefit is automatically achieved with passive
compliance. In this monograph, it is argued that this is only true for particular cases
and sometimes passive compliance can even increase the potential danger a robot is
able to cause. Novel aspects about their design and control are elaborated and the
methods for collision detection and reaction are extended to this new kind of robot
design. Significant results concerning dynamic energy storage and release processes
are given, pointing out ways to use intrinsic elasticity for enhancing the performance
of robots based on optimal control theory. Furthermore, aspects related to their in-
trinsic safety properties during robot-human impacts are analyzed, which give a
more differentiated look into the one-sided discussion in the robotics literature.
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Throughout this monograph, 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 monograph 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 fundamental concerns of
the general public regarding robots. At the same time, the results of this monograph
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[T.3]depicts some impressions from
the work performed in this monograph.
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Chapter 2
State of the Art

Human-Robot Interaction has become an important and intensive topic of research
in the robotics community and is commonly divided into two major branches [1]:

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

The former combines such diverse disciplines as psychology, cognitive science,
human-computer interfaces, human factors, and artificial intelligence with robotics.
Cognitive Human-Robot Interaction intends to understand the social and psycho-
logical aspects of possible interaction between humans and robots and seeks for
uncovering its fundamental aspects. The latter deals to a large extent with the phys-
ical 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 technologies with advanced control algo-
rithms, 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 applications
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 environments and consider the close cooperation
between human and robot. This necessitates fundamentally different approaches and
forces the standardization bodies to specify new standards suitable for regulating
Human-Robot Interaction (HRI) . A first step in this direction was taken with the
introduction of the ISO-10218 [23].

In this chapter, the advances in HRI are reviewed and a short survey on existing
safety standards is given. It is organized as follows. In Section 2.1]a brief introduc-
tion on cHRI is given. In Section a more in-depth survey on pHRI outlines the

S. Haddadin: Towards Safe Robots, 7
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major achievements in this field. Section[Z.3]provides an overview on robot safety in
industrial settings to elaborate the focus of industrial standards at the current stagel|.
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.2.1l

Fig. 2.1 MIT Kismet [Ia] (left) and Waseda Emotion Expression Humanoid Robot No. 4
Refined II [24] (right)

In contrast to pHRI, their characteristic is that social robots engage people in an
interpersonal manner. They communicate with humans via different channels as ver-
bal, nonverbal, or affective modalities. For such robots it is important to communi-
cate 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 extensive research within cHRI are shortly
introduced to explain some conceptional foundations [@]:

1. Multimodal communication
2. Expressive emotion-based interaction
3. Social-cognitive skills

! Please note this chapter gives only an overview and the missing references are completed
in the according chapters.
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2.1.1 Multimodal Communication

During natural conversations of human beings with each other, nonverbal informa-
tion supports the primary linguistic information. These paralinguistic cues support
the smoothening and regulation of interpersonal communication. Currently, several
robotic systems have already gained quite advanced paralinguistic and linguistic
communication capabilities [12,42] enhancing the ability of early humanoid robot
systems as WABOT and WABOT-II. These first generation designs were already
able to carry out simple conversations [57, 311].

2.1.2 Expressive Emotion-Based Interaction

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

Two of the most successful designs are Kismet [6] from MIT (Fig. 2.1] (left))
and the Waseda Emotion Expression Humanoid Robot No. 4 Refined II [24] from
Waseda University (Fig. 2.1l (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
is to recognize, understand, and predict human behavior in terms of underlying men-
tal 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 [32].

After this short introduction to cHRI a more detailed overview on pHRI is
given to help familiarize with the fundamental differences of these complementary
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. [14,15]).
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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 classical counter-
parts, these robots take into account for the hardware design, control, 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 unex-
pected contact with the environment. Therefore, it is usually equipped with propri-
oceptive sensors, such as Cartesian force-/torque and joint torque sensors [19, 18]
and/or tactile arrays resembling a sensitive skin (especially for hands [27]). Alter-
natively, backdrivable motors can be used to passively react to external forces [62].

-+ »,

Fig. 2.2 Desired mechanical behavior expressed by mass-spring-damper

In order to incorporate reactions to external forces, the concept of force control
has been an active topic of research with initial work in [68,169], leading to schemes
for hybrid position/force control by Craig and Raibert [9]. Paul and Shimano intro-
duced compliance control [48] and Salisbury the conceptually equivalent stiffness
control in [54]. However, the most widely used control approach to physically inter-
act with robots is probably impedance control and its related schemes, introduced in
the pioneering work of Neville Hogan [20] and extended to flexible joint robots in
[13, 13, (74, |4, 46]. This type of controller 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. by

Fext = My(X —Xg) + Dy(X —X4) + Ke(x — Xg), 2.1

where x,x; € R® are the current robot and desired tip position, .Fey € RO is the
external wrench and M,,K,,D, € R6*® are the desired Cartesian inertia, stiffness,
and damping tensors. Consequently, impedance control allows to realize compliance
of the robot by means of active control.
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Interaction with an impedance controlled robot is robust and intuitive, since 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 [9]. 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.

Fig. 2.3 The DLR Lightweight Robot III ] (left) and the Barrett WAM Arm (right) [@]

2.2.2 Human-Friendly Mechanical Design

Apart from the aforementioned control problems, mechanical design plays a fun-
damental role in safety. Especially, lightweight design is a major requirement for
human-friendly robots. Generally, two major design approaches for lightweight
robots can be isolated today [IE]:

1. A modular mechatronic approach and
2. atendon actuation approach.

They have following main characteristics in common:

» Lightweight structures: Lightweight, high strength metals or composite materi-
als are used for the robot links. Moreover, the design of the entire system (con-
trollers, power supply) is optimized for weight reduction to enable mobility.



12 2 State of the Art

Fig. 2.4 The humanoid Wendy of Waseda University [Iﬂ] (left) and the Variable Stiffness
Actuator of University of Pisa [E] (right)

e Low power consumption: This is achieved by small moving inertias and is rele-
vant for both safety and efficiency.

In case of modular mechatronic robots the electronics are usually integrated
into the joint structure for allowing highly modular units. Such a design enables
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 transmission ratio gears are
used. Apart from these design and actuation characteristics the modular mecha-
tronic 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 lightweight robots has three main characteristics.
First, the actuators are located in the robot base. This reduces the weight of mov-
ing parts for a fixed base manipulator. In order to actuate the joints remotely from
the base a cable-pulley system is used. Finally, low reduction ratios are used for
keeping the system backdriveable. Generally, the benefits of lightweight robots are
obtained at the price of higher elasticities in the joints and the structure leading
to a more complex dynamic behavior [10]. In this sense, joint elasticity has long
been addressed for lightweight robot systems, however more as an undesired con-
sequence that the control has to handle [IE, E]. This requires advanced control tech-
niques in order to obtain accurate, performant motion. The most successful design
approaches include the DLR Lightweight Robot III [IE, ] and the Barrett WAM
Arm [@], see Fig. Series Elastic Actuation (SEA) [@] is an actuator design
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that represents a different approach. An elastic element with constant stiffness 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. Fur-
thermore, the intrinsic elasticity is used for shock absorption. An interesting and
romising paradigm currently regaining attention in robotics design is antagonism
ﬁﬁ_ﬂ, 65], or more generally Variable Stiffness/Impedance Actuation (VSA/VIA),
see Fig. 2.4l Early implementations were carried out in 135, 30, 41]. 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 an-
imal muscles. The design and control of such systems were addressed in numerous
publications (41,15, ,%, 47,170, 25].
Due to increased mechanical system complexity for such lightweight and/or
compliant systems, higher sensor and component requirements are given compared
to industrial robots.

2.2.3 Motion Planning and Obstacle Avoidance

Conventional robot motion planning is typically an off-line process that determines
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 environment 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 randomized approaches have been developed to tackle
this curse of dimensionality [@, Iﬂ, @].

Fig. 2.5 The elastic strips framework of Stanford University [Ij] (left) and the human-aware
motion planner of LAAS [@] (right)
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Fig. 2.6 CARE, introduced in [52, 53] and enhanced in [11], calculates Cartesian collision
avoidance accelerations (left) and is applicable to multi-robot systems (right)

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 integration 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 [[17] or to other robots. Based on this,
the motion planner should locally modify a nominal path so to achieve collision
avoidance under the current task goal. Several reactive motion planning approaches
exist for this purpose [43, [50, |67, [72]. Nonetheless, path planning with reactive
collision avoidance was mostly investigated in the field of mobile manipulators [72],
[44]. 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 based on artificial potential fields are intro-
duced in [28], and their algorithmic or heuristic variations in [58, 72, 44].

A virtual repulsive potential is assigned to each known obstacle and an attractive
potential to the desired goal configuration. This leads to a directed motion towards
the goal while avoiding the obstacles in a reactive fashion. In [44], e.g., the method
is applied for the translative motion of a mobile base and in [72] for a manipulator
mounted on a mobile base alone. Despite one of its major deficits, namely its possi-
bility to get easily stuck in local minima, this method is popular. Its fast calculation
time within the low-level controller cycle of the robot is a well known benefit. One
possibility to overcome the local minima drawback is presented with the circulatory
fields, introduced in [59]. 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
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be extended from a virtual point-shaped particle associated with the robot endeffec-
tor to various 3D-objects. These are able to change their orientation accordingly to
avoid obstacles [40].

Other promising principles of combining a global path planner with a local col-
lision avoidance strategy are the Elastic Strips [7] or the preceding Elastic Bands
[51]. A global path planner searches for a path around the known obstacles, and
unforeseen hindrance can then deform the planned path as if it was a rubber band,
while avoiding known obstacles remains possible. The local motion deviations are
performed in a task-consistent manner, leaving primary (Cartesian) task execution
possibly unaffected by obstacle avoidance, see Fig. (left). If the modification to
the trajectories are given in the operational space, there is the need for an appro-
priate inverse kinematics system to give the reference values for the velocity/force
controllers of the manipulator, possibly considering kinematic redundancy and/or
dynamic issues. However, in case of an impedance controlled robot this becomes
obsolete (not the appropriate redundancy resolution). The elastic strips and elastic
bands, however, are computationally more complex, so that they cannot run in the
inner most control 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 [[67]. Still, since
calculations in the C-space is computational complex, this method is practically
only applicable for offline planning, and therefore offers no reactive behavior. 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 [55,156,129,138]. 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 planning
is given in [34]], where the work of Jean-Claude Latombe and co-authors on discrete
potential fields is reviewed as well.

A concept proposed in [52,153] is CARE, which uses a measure (gauge) for colli-
sion 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
Xcap of the Collision Avoidance Point (CAPE the corresponding joint acceleration
to be commanded to the robot are obtained. The basic scheme was extended in [[11].

In [60] a human aware mobile robot motion planner is considered, which incor-
porates humans accessibility, their vision field, and their preferences in terms of
relative human-robot placement. However, human dynamics are basically excluded
from the analysis, see Fig. (right).

A different approach focussing on increasing safety is given in [64]. 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

2 This is the point on the robot structure that is endangered the most by the obstacle.
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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.

2.2.4 Quantifying Human Safety

The first work to investigate the measurable influence of robot-human impacts was
]. The authors evaluated the human pain tolerance on the basis of human ex-
periments. In this work, the somatic pain was considered as a suitable criterion for
determining a safety limit against mechanical stimuli.
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Fig. 2.7 The prediction of HIC for blunt robot-human as originally published in [Iﬂ] (left).
The concept of Variable Stiftness Actuation (VSA) as proposed in [B], which allows the joint
elasticity to be a controlled variable during execution of the task (right).

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

1 5] (%)
HIC36 = max < At (—/ XHdI) 2.2)
At At t

Atmax = max{t, —t;} <36 ms,

where x5 € R3 is the human head acceleratiorﬁ.

3 More information on the HIC and other severity indices is given in Chapter @
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Table 2.1 Safety design strategies and danger-indices [22]

Design strategy Impact force
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Fig. 2.9 FEM simulations for crash testing evaluations m]

Further aspects concerning safety in Human-Robot Interaction were introduced
in [22], see Tab. 211 In this work, several danger indices were proposed based on
the design properties of the robot. In [16] a control scheme was developed to limit
the impact force of a robot by restricting the torque commands. (37] introduced var-
ious design aspects for a mobile robot with physical compliance in its trunk and a
passively movable base, see Fig. 2.8 [@] developed an integrated Human-Robot
Interaction strategy incorporating a definition of danger by means of reflected in-
ertia, relative velocity, and the distance between human and robot. Recently, [IE]
utilized FEM simulations for an evaluation of robot-dummy impacts with an indus-
trial robot, see Fig. Earlier work presented in [@] focused on a more abstract
injury classification. The authors provided 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 sep-
arated from the humans by fences. Recently, so called collaborative modes have
been added to the relevant standards allowing, for example, hand guiding in auto-
matic mode. However, the possibilities of collaboration for industrial 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 directive
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,
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electrical connections, or confirmation buttons. Furthermore, it states that one of
the following conditions always has to be fulfilled for allowing Human-Robot In-
teraction: The Tool Center Point (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 iden-
tify safety requirements by providing safety categories and specifies how to fulfill
the requirements. According to their dependability, safety related elements of the
controller are classified into five categories, describing the fault tolerance level of
the system. The particular grading depends on injury severity, 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 biome-
chanical 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
* service 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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Chapter 3
Soft-Robotics Control

Accidental collisions that may harm humans should be avoided by anticipating dan-
gerous situations. The effects of physical collisions should be mitigated 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) knowl-
edge of the current environment geometry and computationally expensive motion
planning techniques. Anticipating initiating collisions or recognizing them in real-
time is typically based on the use of additional external sensors, such as sensitive
skins [23], on-board vision [[13], 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
(or, 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 [34, 130, 29]. This approach has been refined by including adap-
tive compliance control [24, [19]. However, tuning of collision detection thresholds
in these schemes is difficult because of the highly varying dynamic characteristics of
the commanded torques. Moreover, their common drawback, even with fully identi-
fied robot dynamics, is that the inverse dynamics computation for torque comparison
is based on acceleration estimates. This introduces inherent noise (due to numerical
differentiation of velocity or position data) and/or an intrinsic delay in a digital im-
plementation. A detection scheme for similar conditions that avoids the above draw-
backs has been recently proposed in [[L1]. 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 momentum [9, 20]. Moreover, this de-
tection scheme is particularly convenient 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 detect

S. Haddadin: Towards Safe Robots, 25
Springer Tracts in Advanced Robotics 90,
DOI: 10.1007/978-3-642-40308-8 3, © Springer-Verlag Berlin Heidelberg 2014
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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 introduc-
ing and evaluating these schemes, some preliminaries 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] describes the
control schemes of the LWR-III. Section [3.3]and Sec. 3.4l give the theoretical back-
ground for the proposed collision detection and reaction schemes, whereas Sec.
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 collisions
with the environment into the formulation are described. The description 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 bodies,
having n (rotational) rigid joints.

3.1.1.1 Contact-Free Dynamics

The generalized coordinates q € R"” can be associated to the position of the links.
The dynamic model is [25]

M(q)4+C(q,4)q+g(q) = T + TF =: Tror, (3.1

with q € R” being the link position, M(q) € R"*" the symmetric and positive defi-
nite 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, Tr € 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,q4) +C(q.q)". 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 [25]. The total energy E of the
robot is the sum of its kinetic energy 7 and potential energy U due to gravity:

1
E=T+U=34"M@)a+Usa), (33)
with g(q) = (0U,(q)/dq)". From (3.1) and (3.2)
E= qTTtot (3.4

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

- _l..T . l.T . . l.T .. 8Ug(q)
E=2§ M(q)q+ 54 M(q)q+ 54 M(q)q+—aq q (3.5)
1 N R SR .
= EqTM (@)d+ EqTM (@Q)q+ EqTM (@)d+a"g(q) (3.6)
1.
= 4" M(@)a+34'M@a+4q"g(@) 37

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

. 1
E =g M(@)d+54"(N(q,4) +2C(q,9))d + 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
wl'Aw = —wlATw, which can be transformed into the form of (3.9). In particu-
lar, this condition leads to " N(q,q)q = 0. In turn E is

. 1

E=+q"M@i+5q" (¥(q,4) +2C(q. )4 +a"g(@)  (.10)
= +4’ (M(@)d+C(a,0)a+2(a)) (3.11)
— ¢ T, (3.12)

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

Using (3.13), (3.1) and (3.2), the time evolution of p is given by
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p = M(q)i+Mq (3.14)
= Tt — C(q,9)q — g(q) + Mq (3.15)
= Tio. — C(q,@)q+ C(q,9)4+ C" (q,4)q — g(q) (3.16)
= T +C" (q,9)q — g(q)- (3.17)

The derivation of the i-th component of p takes advantage of the robot La-
grangian

1. .
L=T-U=24"M(@)q—Uya) (3.18)
Define the manipulator Hamiltonian as
H:=p'q-L. (3.19)

Hamilton’s equations of motion are [21]

oH
q=— (3.20)
ap
. OH
—P= 8_q — Ttot- (3.21)
This yields
b= — L 2 (0T (@) —g(q) + 7 (3.22)
p= 29q p q)p)—8q tot .
10 . .
= —335¢ (M@D)'M "(@)M(q)) — () + Tor (3.23)
L (T Mq)q) gl + 7 (3.24)
2 aq tot- .
Due to the fact that q” M(q)q is scalar one may write for the i—th row
= T i M)~ i) (3.:25)
Pi = Ttot,i zaqiq q)q—&iq .
1..9M(q),
= Ttot,i - EQT%Q 7gi(q)a (326)
fori =1,...,n. The components of the generalized momentum are thus decoupled

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.

3.1.1.2 Cartesian Collision

During normal operation, the robot arm may collide with a standing or moving
person/obstacle in its workspace. For simplicity, it is assumed that there is at most a
single link involved in the collision. Let
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. Ve Jc.lin . . 6
= = ’ =J eR 3.27
Xc { a)c} { Jc,ang] q=1J:(q)q (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

Tt = Lfl‘] € RS, (3.28)

ext

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

M(q)4+C(q,q)q+8(q) = Tn+ TF + Text = Ttots (3.29)

with Tex; € R” being the external torquem, which is associated to the (generalized)
Cartesian collision force Fex; by

Text = J1 (Q) Fext (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

For lightweight design manipulators such as the LWR-II it is not sufficient to
model the robot by a second-order rigid body system as described in the preceding

T KJ Text
—_— B J\/\/\/7 M  e——
~—
|—> Ty |—>
0 q

Fig. 3.1 1-DoF model of a flexible joint robot

! 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.
2 For details on the robot, please see Sec.[3.2]
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subsection. In case of the LWR-III, e.g., the non-negligible joint elasticity 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 Degree of Freedom
(DoF) case for such a flexible joint is depicted in Fig.[3.1l For a flexible joint robot
the following model can be assumed [28]:

M(q)d+C(q,4)d+8(q) = 77+ DsK; ' T+ Tex = Tiot (3.31)
BO+ 1+ DjK; 1y = Ty —1F (3.32)
77 = K;(0 —q), (3.33)

with 6 € 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.

Equation (3.31) has basically the same properties as (3.I) and is coupled via
T.:=K;(0—q)+D;(6—q) =1, —I—D]K]l 7, 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 [§].

3.2 Unified Control for the LWR-III

Since the LWR-III is extensively used as a reference platform in this monograph,
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 II11

Figure 3.2 shows the history of the DLR LWR, resulting in its commercialized ver-
sion: the KUKA LWR. Apart from minor modifications, this manipulator has ex-
actly the same design as the 3" generation of the DLR LWR-III. The DLR LWRs
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 con-
secutive 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 achievedd. The robot is a

3 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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LWR-I LWR-II LWR-III KUKA LWR

Fig. 3.2 The generations of DLR lightweight robots (LWR-I, LWR-II, and LWR-III) and the
commercialized version (KUKA LWR)

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. Addi-
tionally, a 6-DoF force sensor is embedded in the wrist. In Figure the robot is
depicted in a configuration with 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 to introducing some theoretical basics in the next subsection, the hierarchical
control architecture of the robot, which was introduced in [@], is depicted in Fig.
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 com-
ponents are on a Cartesian or joint level, whereby the controllers on joint level are
subdivided into local or central ones. Local joint control runs on one Digital Signal
Processing (DSP) board per joint at a cycle time of 330 us. Central joint control
with 1 ms cycle time can be used as well. Thus, new controllers which include the
full model of the robot can be implemented easily. Cartesian control 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
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Cartesian task
1—10ms

Fast Cartesian task
1ms

1 ms bus

. k = max k=0
Joint task
0.33 ms

Fig. 3.3 Control architecture for the LWR-III according to [[]]

* Position control
* Torque control

Forward kinematics, robot dynamics, and inverse kinematics are also calculated 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 (1. The overall goal is
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a full state feedback controller acting on position, velocity, joint torque, and joint
torque derivative

T = —KpO — KpO + K7 (g(qq) — T/) — Ksts + 8(qa), (3.34)

with 8, € R" being the desired motor position, q; € R” the desired link position,
g(qq) € R" a gravity compensation term, and Kp, Kp, K, Ky positive definite diago-
nal gain matrices. The motor position error @ = 6 — 6, is obtained from the desired
joint position by calculating the desired motor position

04 =qs+K; 'g(qq). (3.35)

However, the selection of stable controller gains that at the same time provide suffi-
cient performance is not straightforward. In [5] a combination of joint torque control
with a superimposed position control structure was proposed, which provides the de-
sired capabilities. The chosen equations for the joint torque feedback and position
PD-controller are

T = BBy'u+ (I- BBy )(t;+ DK, 1)) (3.36)
u=—Kg(6—64) —Dgb +g(qa), (3.37)

with Bg = diag{bg;} € R"*" being the diagonal positive definite desired motor
inertia matrix with bg; < b;. Kg € R™" is the diagonal positive definite desired
stiffness matrix, Dg € R"*" the diagonal positive definite desired damping matrix,
and u € R” is a new input variable, which is given by the desired joint position con-
troller. Together with (3.32) the torque controller (3.36) can be written as (friction
is neglected)

u=Beh+1,+D,K; ;. (3.38)

The physical interpretation of (3.38) is that seen by a new input u the principal
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

T = BBy u+1,+DK; ' t; — BBy (t;+ D,K; ' 1)), (3.39)

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

u=B¢b +1,+DK; ' 1. (3.40)

Limited by sensor noise the motor inertia ratio BBg] can be chosen between 4 and 6
for the LWR-III. In order to achieve the desired full state feedback controller (3.34)),
(B3 are inserted into (3.36). This leads to
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T = —BBy'Kob — BB 'De6 + BB 'g(q4) (3.41)
—(BB;' — 1)1, +g(q4) — £(qa), (3.42)

which can be written as

Tw = —BBy'KeO — BB,'Dg0 + (BB,' —I)(g(qa) — 7)) (3.43)
—(BBy' —1)DK; 't +8(qu), (3.44)
with
Kp = BB, 'K
Kp = BB,' Dy
Kr = BBy' —1
Ks = (BBy' —I)DyK; . (3.45)

For the torque control loop given by (3.39) Ky changes to Kg = (BB;IDS —~D)K L.
With this interface different types of controllers can be implemented on joint level.
Depending on the selection of the controller matrices (3.43) stiff position control
or joint impedance control can be obtained (alternatively torque control with grav-
ity compensation). However, while this structure performs 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 passivity-based stability prooiﬂ, and certain extensions of the
controller that increase performance via gain scheduling please refer to [5].
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 Carte-
sian 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 [[17].

u=—J(q)" (K:X(q) + D:x(q) + &(q) (3.46)
X(q) = x(q) — x4 (3.47)
x(q) = J(q)q, (3.48)

4 Passivity is the underlying concept of all controllers for the LWR-IIL. Passivity-based con-
troller design guarantees stability and high robustness.
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with Ky € 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) = a{;—gq) is the Jacobian of the ma-

nipulator, and g(q) € R” the gravity compensation. While this controller is passive
with respect to the input-output pair { 7, + Text,q } for the stiff robot case, it lacks this
property with respect to the input-output pair {q, —7,} in the flexible joint case.

In order to overcome this drawback u needs to be chosen as a function of 6,0
only [32, 2, 26, 35]. A solution proposed in [5] uses the static equilibrium q =
h=1(0) of q instead of q itself.  is defined as (q) = q+ K~ '1;. q depends only on
the motor positiorﬁ. Now the controller (3.46) can be modified to

u=—J(@)" (K&(q) + D:x(q) + 8(q) (3.49)
X(q) = x(q@) —xy (3.50)
X(q) = J(§)9, 3.51)

which provides the desired exact Cartesian impedance behavior. The gravity com-
pensation term g(q) from [26] is a function of the motor position only and is de-
signed so that it provides exact gravity compensation (for 7.y = 0) in all station-
ary/static points from the set Q :={(q, 0)|K;(60 —q) = g(q)}. This property can be
written as

g(q)—g(@ =0 V(q,0) € Q. (3.52)

With (3.31), (3.38), and (3.49) the closed loop system is
M(q)4+C(q,q)q+g(q) = Ta + Text (3.53)
Byb +J(9)" K:X(q) — (@) + (@) D/ (§)0 + 7, = 0. (3.54)

For the passivity analysis of the Cartesian impedance, the explanation of 2~1(6),
and the details on joint impedance control within the passivity-based framework
refer to [5].

After this introduction to the control architecture and control schemes of the
LWR-III, 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 de-
rived. 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.

5 This pair is chosen as one is interested in the passivity of the complete flexible joint system.
6 It was shown that under some mild conditions there exists a unique mapping between the
equilibria 6 and qp.
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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 sufficien{].
Define the following scalar quantity

t

#(t) = ko [E(t) —/0 (q" t+#)ds—E(0)], (3.55)
with initial value #(0) = 0, kp > 0, and where E(¢) is the total robot energy at
time ¢ > 0, as defined in B3). T € 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 eqs. (3.4) and (3.29), the

resulting dynamics of 7 is
F=—koP+koq 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, # = 0 up to measurement 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 |?| > fcp. The scalar fcp
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 [10]. When contact is lost, 7 rapidly returns
to zero. Because of these properties, 7 is called a collision detection signal. Not
all possible collision situations are detected by this scheme. With the robot at rest
(q = 0), the instantaneous value of Ty 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 .Fex
produces motion at the contact. Using eq. (3.30) the following relationship can be
formed.

qTText = qTJLT (q)ﬂ\ext = chext =0<=x1 <g\ext (3.57)

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 evaluated 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

7 The extension to the flexible joint case is straightforward by substituting T,, with 7;.
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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 Tex,; 7 0), which is at rest.
Therefore, q” Texe = 0 and thus 7(0) = 0. Provided that the joint position controller
is soft enough, the first joint will start moving in response to the collision with low
contact stiffness 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 7y with the motor torque T,,.

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

3.3.2 Direct Derivation Method

Using (3:31) the external torque Tey can be expressed asy

Text = T/ —M(q)G— C(q,9)q — g(q), (3.58)

where 77 and Tr are not taken into account for sake of clarity. The most simple
estimation of the external torques is thus obtained by using joint torque and link po-
sition. (3.38) would be a straightforward derivation of the external torque. However,
this approach is not applicable in practice because in reality q cannot be differenti-
ated two times due to the presence of non-negligible noise. A scheme to circumvent
this problem can be derived for smooth desired trajectories. As described next, this
method can be used for a robot that is being controlled by a high performance posi-
tion 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

9z ~ q, (3.59)

where q; € R" is the desired joint position. Thus, q and its derivatives can be ap-
proximated by q, and its derivatives. An estimate of the external joint torque due to
collision is given by combining the expected joint torque computed with (3.31)) for
Text = 0.

21(44, 94, Ga) = M(4a)da +C(4a,94)9a + &(qa) (3.60)

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

8 Note that from here on, a different sign convention for Texe will be used.
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%ext =1T7— %J ~ Text- (361)

Even though this method suffices for stiff position control and smooth desired mo-
tions, the scheme is not a general estimation of external torques that is independent
from the controller and desired trajectories (i.e. it is not a kind of virtual 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 q,; are
proposed. Both methods may be interpreted as a general sensor for external torques
along the robot structure [7, 115, [16].

3.3.4 Observing Joint Velocity

The underlying idea of the present method is to observe the joint velocity ¢ 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 the derivative
reflects the timely evolution itself]. First ( has to be calculated:

Text
Y - 4 1 q L4
O : ;
n(q.q)

l A() =n() i

| |

! ii(q,4) \

| I

| ~ R I

i [ q 1 14 - i

! (—H_ M s @ !

! 1

i Y |

| Ko |
I

I

\ Observer i

Fig. 3.4 Block diagram of a reduced state observer for ( to estimate the external torque Tex¢

9 The same argument states for the scheme proposed in Sec. 33,3
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di
Q=3 =M (7 -n(q.) ~ Te). (3.62)

where
n(q,q) :=C(q,q)q+g(q)- (3.63)

The assumed model to observe the external torque Tey; 1S, according to [[14], chosen
as

ext (3.64)
(3.65)

> >
([
S

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

G =M"(t,-n(q,q) —F) (3.66)
I = Ko(@—4) (3.67)
A o o d
P ko {M (27— n(g.4)— ) - a@] dr (3.68)
T
= Ko ( /0 (M~ (t;—n(q,q) — #)] drq> , (3.69)

where Ko = diag{k},} is the observer gain. The transfer function from the external
torque Tex to the observed disturbance £ is obtained from (3.62)), (3.66), and (3.67).

= Ko(q—§) (3.70)

= KoM ™ (Texi — ) (3.71)

P+ KoM 't = KoM 7oy (3.72)
t = (sI+ KoM ") 'KoM 7y (3.73)

In other words, a filtered version of 7.k with a variable filter frequency is obtained.
In the following, a concept for estimating the external torques based on the ob-
servation 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. However,
in contrast to the velocity observer its basic concept is to observe the generalized
angular momentum

p=M(q)q, (3.74)

as proposed in [[10, [11] 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
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b= L (M(@)a) = M(@)d + M(a)d (3.75)
p =1Tj— ﬁ(q’q) — Text, (376)

where
B(q.4) :==n(q,q) —M(q)q = C(q,9) +g(q) — M(q)q. (3.77)

The model to observe the external torque Tey; is then

-
|

ext (3.78)
(3.79)

>
I
S o

In Figure [3.5the block diagram of the detection scheme is shown. The actual vari-
able being observed is the derivation of the angular momentum p. An obvious draw-
back is the necessary differentiation of p. Fortunately, this can be avoided by a sim-
ple restructuring, see Fig. Upon further examination of Fig. the equations
for (p,#,T) can be written as

p=1,-B(qq —F (3.80)

r:=Ko(p—p) (3.81)
T A

P = KO/O (p—p)ds (3.82)
T

— Ko ( [ e Baa) - dfM((l)('l) (3.83)

= 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 Tex;:

p—p="1—B(q.q)—F—(z/—B(q.q)— Tex) (3.85)
&K't = —f+ Tex (3.86)

The dynamics of f is therefore
F= —Koft + Ko Text (3.87)

and its components can be written as

) 1 ) Kg) ) )
Pt = Ot~ Vie{l,...,n} (3.88)
o
= (. (3.89)

Each K}, can also be interpreted as a filter constant T, = 1/K}, of the i — th
external joint torque signal component. In ideal conditions,
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KO%°°:>f'%Texta

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

= ... #,0 0 ... 0. (3.90)

Assuming £ = %oy = J! (q)Fext, this follows from the fact that, for a collision
on link i, the last N — i columns of the Jacobian J.(q) are identically zero. The
first i components of vector ¥ 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 t will be affected only by Cartesian collision forces
Fext that perform virtual work on admissible robot motion, i.e., those forces that do
not belong to the kernel of J7 (q). In general, the sensitivity 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

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 certain low pass filter
characteristics are needed. This tradeoff necessitates the analysis of  with respect to
the observer gain. To evaluate this, an impact between a full dynamic model of the
LWR-IIT and a spherical object with human head stiffness properties is simulated.
Figure depicts the mentioned dependency for axis 2 and 4. For a near-ideal
collision detection, Kp should be set to 500, assuming the communication delay
between hardware components to be Az, =0 s.

3.3.7 Comparison of Collision Detection Schemes

All methods described in the previous sections are suitable for real-time demands.
However, each of them has certain characteristics, which leads to different 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. would be most accurate. However, it suffers
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Fig. 3.6 f is plotted with variable observer gain Ko, denoted by the index (i.e. t; = #(Kp =
diag{i})). On the left side the graphs for joint 2 and on the right side the ones for joint 4 are
shown.

from the severe practical limitation of requiring the joint acceleration. A major ben-
efit from the approach given in Sec. 333 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 error and assumption error (3.:39). Therefore,
this approach performs better for a stiff position controller and pre-planned trajecto-
ries with smooth q, for a very soft impedance controller or jerky desired positions
(e.g., generated online from a vision system), the detection schemes presented in
Sec.[3.3 4 and Sec. are clearly advantageous. For the joint velocity approach
two main disadvantages were identified:

* The computation of M~'(q) is necessary.
e Nonlinear filter dynamics between £ and 7. are introduced. Thus, a variable
cut-off frequency due to the coupling in the joints is the consequence.

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

* B(q,q) has to be computed instead of n(q,q).
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Therefore, operations being necessary for the mass matrix derivation M(q) in f3
could be saved for the velocity observer. However, in the end the momentum 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.

This gives two good methods for collision detection, with the one from Sec.
performing well for a stiff position controlled robot and the momentum observer 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

3.3.8.1 Practical Implementation

The practical implementation of the collision detection method described in
Sec. is depicted in Fig. 377l The motor and link side dynamics are intercon-
nected 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 6,6 € R”" as well as the joint model for
estimating the link side position and velocity §,q € R” can be utilized (right). As a
result, a model-based estimation ¢ can be obtained from (3.31).

4=0-K "1, (4.9 (3.91)
This remark is valid for all implemented collision detection methods that make use

of the link side position and its derivatives.

Theoretical approach Practical implementation

y
Text & Text Text & Text
Observer Observer
>

Fig. 3.7 Principle (left) and practical implementation (right) of the disturbance observer
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3.3.8.2 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 dynamic model errors
(false alarms):
Lif 3i: |[f] > 7
CD = det 3.92
{ 0 else. (3.92)

#,. > 0 is the collision threshold for the ith axis. The main sources of errors limiting
the detection threshold for this approach are the model errors and the sensor noise
(torque and numerical velocity estimation). By choosing a slower filter constant
for t 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) component-wise. This leads for the momentum observer
to s

ai i oai i ;

Phpt = TosH = ———To, Vi€ {1,...,n} (3.93)

s+ Ky

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

Zhpti

ext

=Ths(t' — %) Vie{l,..,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 detec-
tion threshold by 50 % in all joints to 0.05Tmax in comparison to the initial version.
Moreover, current improvements in the model allow a threshold of 0.027 ., 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 difference
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
Text: ;

. 1 . T,)s .
N Tow 7 e = g e (3.95)

3.3.8.3 Collision Severity Stages

In order to fully exploit the information gained from an accurate estimation of the
external joint torques as described in Sec.[3.3.3] it is not only used for differentiation
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Table 3.1 Collision severity stages

Severity type percentage of max. joint torque

Contact 3%

Grasping failure 15 %
Slight collision 50 %
Severe collision I 90 %
Severe collision I 98 %

between contact and no-contact. Its magnitude is utilized as well. Since the mechan-
ical design of the robot defines constraints on the maximum allowable joint torque,
different contact classes are expressed in relation to the maximal joint torque. An ex-
ample is given in Tab.[3.1] defining collision severity from contact to severe collisions.
This classification was chosen for the interactive bin-picking application outlined in
Chapter[8.3] 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 Ty has been elaborated. However, e.g. for online
load estimation or Cartesian collision reaction methods the contact wrench informa-
tion 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.

szext = Text (396)
JcJngz.exl = JeText (3.97)
Fext = (TeTL)  eText = T Text (3.98)

This relation applies to only non-singular J.. to useful solutions. Since the Jacobian
may be interpreted as a sensitivity matrix, forces acting along singular directions
cannot be sensed. These forces are simply resisted by the manipulator. However, in
the nominal workspace 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 Operational space, which require tip force con-
trol as e.g. in assembly processes. Especially for industrial tasks it is desirable to
keep the costs for external sensing 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 can be satisfied.
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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.

3.4 Collision Reaction

This section builds upon the previous results and presents the remaining reaction
during the post-impact phase. Different strategies are elaborated, leading to signifi-
cantly 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

3.4.1.1 Stop the Robot

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

3.4.1.2 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.

3.4.1.3 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 T; = 0. The human operator can simply push the
robot away while feeling only the reduced inertia of the robot (see Sec. [3.2). For
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accomplishing this behavior switch with the LWR-III, the weighting matrices in
(B34) 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 estimation of Tey;.

An admittance type strategy is described in the following.

3.4.1.4 Admittance-Based Strategy

For this scheme no switch e.g. from position to torque control is needed. Since f is
the observed external torque the basic idea is to use this information to evade from
external torques. This is accomplished by multiplying £ with the matrix K and let
qq point towards negative t direction. Thus, a desired velocity vector is obtained
that lets the robot evade from the external contact producing Tex:.

Qs = —Kxf (3.99)
T
qQ=— | Kxtdr, (3.100)

with Kz = {diag{Kgi,...,Krn}|Vi : Kg; > 1}. With this scheme the robot quickly
drives away from the external torque source and decreases the contact forces until
they decay to zerd!d.

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

3.4.1.5 Reflex Torque-Based Strategy

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

Ty = M(q)4+C(q,q)q +g(q) + Text- (3.101)
u=Byb+1y (3.102)

In order to keep the discussion simpler D, ]K]l 77 is omitted. If u is chosen to be

u:=g(q)+ [ —K,)Text (3.103)
K, = {diag{Ky1,.... Ko }|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) B102) is used together with (3.I0T) the relation

g(ﬁ) + (I —Ky)Text = Beé +M(q)q—|—C(q,q)q—|—g(q) +Texe  (3.105)
0= Bé)é +M(q)q+c(qaq)q+vaext

10 please note this method also works with a joint impedance controller.
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is obtained, leading to

K, 'Bg &+ K, 'M(q)q+K, 'C(q,q)q+ Text = 0. (3.106)
N—— ——
Be) Mo (q)

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 component-
wise.

B> Bg > Bgi (3.107)
M(q) > Mo(q), (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), 7, is obtained:

Tm = BBy (8(@) + (I — K\)Text) + (I — BBy ") (1 + DyK; ' 1) (3.109)
= Kr(g(q) — ©/) — Ksts +K; Tex + £(@Q) (3.110)
~ Kr(g(q) — 7/) — Ksty + K;F +2(q), (3.111)

where

Kr :=BBy' —1I
Ks:= (I- BB, "\D)K;
K; == BB,'(I-K,) (3.112)

By substituting (3.103) into (3.39) Kg becomes Kg = (BB(;IDS — DJ)KJ".
From now on, the different strategies are referred to as follows.

e Strategy 0: Do not react at all

e Strategy 1: Stop the robot

e Strategy 2: Switch to torque control with gravity compensation
o Strategy 3: Reflex torque-based strategy

e 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.

3.4.1.6 Energy Dissipating Strategy

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

il < Tomaxi i=1,...,n. (3.113)
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Part of this motor torque is spent for the gravity compensation. By defining the
configuration-dependent bounds

7,:(q) = —(Tmmax,i + i(q)) <0 (3.114)
T4.1(Q) = Tomax.i — 8i(q) > 0, (3.115)
the remaining part of the available torque 7’ = 1, — g(q) satisfies

7,:(q) < 7 < Ty,(q) i=1,....n. (3.116)

Since the time evolution of the kinetic energy is 7 = ¢’ 7/, the following control
law locally realizes the largest decrease of T

T.i(q)  ifgi>g
7,,:(Q)gi/€ if & > g; >0

T = T,@;(q)q’,-/s,- if —g<q<0 +gi(q) (3.117)
(@) ifgi>&qi < —&
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. ev-
ery 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 nec-
essary 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

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. 3.8l 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 the robot is only able to exert certain
maximum forces. Note that this trajectory scaling scheme is driven by the observer
output f (for the joint case) or by Z.y 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. q4(z) € R”
in joint space or x4(z) € SE(3) in the Cartesian case, whereas the joint case is de-
scribed from now on. For the discrete sampling time Az 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
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“Pushing interpolation time back and forth”
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Fig. 3.8 Idea behind the trajectory scaling: “pushing interpolation time back and forth”. The
estimation of the external torque is fed to the time step generator of the interpolator and
directly modulates its behavior.

max

#/T
|
D(F)

£ t;
At fil@) AT m aa(t)

Fig. 3.9 Block diagram of the time generator in the trajectory scaling

to step back and forth along the desired joint path, as a matter of fact by “scaling
the trajectory in time”, see Fig. This can simply be done by re-defining the path
parameter as

ti:=tio1 + f;(W(&))Ar. (3.118)

The implementation of the trajectory scaling input based on the estimated external
torque was chosen to be

o \ Tmax  ||AG)|

‘P(f*i):l< L ) (3.119)
+

where Aq/, = g! — g/, denotes the difference vector of two consecutive desired

via points (e.g. provided by a path planner), Tmax € R" is the vector of the maximal
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Sample function trajectory scaling

(G2 {en]é) fam)

DD ——

Fig. 3.10 Scaling function of the time increment

nominal joint torques specified for the robof'], 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 robo{'d. o is a value for adjusting the overall disturbance
sensitivity by specifying the normalized collision torque along the trajectory for
which the motion should stop, see Fig. 310 The function f;(¥) is given by

o(¥P) 0<¥<1
- 0 1<W<I4T
K= k- (14T) k1 +T <¥<24T (3.120)
k 21T <,

where k € R" 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)

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

12 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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Depending on the disturbance input ¥ to slow down the robot until zero velocity,
and after overcoming a dead-zone I', the piecewise defined function f;(¥) enables
pushing it back along its original path. A sample function for f;(¥) is given in
Fig.[3B.1Q It shows two sinusoidal branches that define the slowing down and back-
pushing velocity and an optional dead-zone. The monotonically decreasing function
@ was implemented as

D(V) = %(1 + cos(n¥)). (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 [33]. Further related work can be found in [22,31].

For slow trajectories the approach presented up to now is well suited and realizes
intuitive behavior. However, for very high desired joint velocities q it is desired to
make the approach independent of the desired velocities. This inherent dependency
is introduced when scaling the interpolation time as described. Since the scaling
depends only on the normalized joint torques, the effect of the same residual ¥
is different for each particular desired trajectory. In other words, scaling time im-
plicitly 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.

A (tn) = Qa(ta—1 + fs(¥) A1) (3.123)

By using the “first order” Taylor series approximation

P = f@) + DD (e, (.120
qu(fn) can be written as
Qa(tn) = Qa(ta—1) +Qa(ta1)(tn —ta—1) = (3.125)
= qq(ta—1) +Qa(ta-1) £s(P)At (3.126)
N——
At*

This can be reformulated to

(1) = O =0l _ g hom). (3.127)

At

Let f;(¥, 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

L(P0)=1-0(¥,a), (3.128)

leading to, together with (3.127):
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Ay (ta1) = Qa(tn—1) — Qa(taz1) @(¥, 1). (3.129)
Substituting f,,_; — t,, this leads to

A (tn) = Qa(tn) — Qa(ta) D(¥, 1) (3.130)

Next, @ (', &) needs to be chosen such that @ depending on the desired scaling

function m(b(‘f’, o = 1) is obtained. This selection makes (3.130) independent

from (1)

O(¥,0) = ﬁ@(‘f’,a =1) (3.131)
— o= g(¥,da(tn)) (3.132)

For the linear case the function @ can be defined as

D(V,0) = aK¥Y KeR. (3.133)
Together with
) 1
o(qq) == PN (3.134)
this leads to
a;(tn) = Qa(ta) — K'Y, (3.135)

which no longer depends on the desired velocity.

Combining Trajectory Scaling, Collision Detection and Reaction

Typically, undesired impacts are characterized by high peak forces and joint torques.
Therefore, a basic way to distinguish between desired interaction and accidental
collisions is to use the magnitude of ¥ (or any other estimation 7y of the external
torques). Trajectory scaling ensures that during normal operation mode only a cer-
tain 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
(||#]| > rvitch ¢ RF), 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. 3.1l Thus, a combination of reaction strategies performs an intuitive and ef-
fective 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.
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Trajectory
Scaling

Reaction strategy: start

Push & Pull \

Collision
Reaction

Reaction strategy:

Qend Compliant

Fig. 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.

Trajectory scaling

Fig. 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 consequently 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.
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3.5 Experiments

3.5.1 Energy-Based Collision Detection

Figure 3.13] visualizes the behavior of the energy-based collision detection signal
defined in Sec.[3.3.1l during a straight line Cartesian motion of the LWR-III in the
(x,y)—plane. The experiment showcases all aspects outlined in Sec.[3.3.11 The plot
depicts the desired and real robot motion (position and velocity), the external contact
force, the residual (3.33), and the sensitivity measure s = fexX. 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.
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Fig. 3.13 Experimental behavior of the energy-based detection scheme. The Cartesian
impedance controlled 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 feyy, the
residual obtained from (3.33), and the sensitivity of the scheme represented by s = fexX are
visualized hereafter. x, y, z are denoted as blue, black, and red.
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 Phase C: The external forces in (x,y) plane are gradually increasing during stand-
still. They are not recognized.

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

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

e Phase F' : The robot moves again, while the z-force is still applied. However, 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.
and the respective reaction algorithms, initial collision tests with the LWR-IIT 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 between 10 °/s and 100 /s, as
reference trajectory. Start and final configuration are

qo = [6031 —7823158 —15 —15)7[]
qi = [6065 — 7853158 —15 —15]T[°],

respectively (motion is limited to joints 2 and 4). The robot hits the constrained bal-
loon with its spherical wrist while coming from above, see Fig.[3.14l The detection
gain matrix is Ko = 25 I, while the reflex reaction gains are K, = 1.4 I (for Strat-
egy 3) or Kg = 0.05 I (for Strategy 4). The component-wise detection thresholds
rlOWJ,j =1,...,7are 0.01 TJ,max-

Fig. 3.14 Balloon tests with strategy O (upper row) and strategy 3 (lower row)
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In Figure [3.14] the resulting motion for strategy O (upper row) and strategy 3
(lower row) are given. In Figure B.T3H3.17] the measurements of the experiments are
shown for axis 4 at two different impact velocities. On the left side the results for
g4 = 10 °/s and on the right side for ¢ = 100 °/s are shown.

With strategy O the robot moves further along the path commanded by the tra-
jectory 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 (strat-
egy 1) or change the direction of motion in order to reduce ¥ and then stop after a
while due to friction (2 or 3) or due to the absence of external torques (£ = 0). With
strategy 3 and 4 ¢ changes its sign quickly, thus driving away from the source of ex-
ternal forces. For strategy 3 t decays to zero. Strategy 4 shows the quickest reaction.
By comparing strategy 2 and 3, the active part incorporating the estimation of exter-
nal joint torques shows its influence and makes strategy 3 faster than strategy 2. The
link position q supports this statement. For 100 °/s impact velocity (Fig.
(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 deceler-
ate 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 1-DoF mechanism
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 configuration, shown in Fig.
(right), and used 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 order. 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
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Impact Force - Arm

— Human Arm

- - - Verification Platform|

!
| Impact

Sled spring

Arm stiffness

3
Undershoot

-

] 05 1

i
time #[s]

Fig. 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.

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. 318 (right)
for the reconfiguration trajectory from “elbow up” to “elbow down”. The robot was
used to measure contact force, kinematic configurations, and velocities. In com-
paring the test-bed with the human, some differences in the impact characteristics
can be observed. Particularly, when the damping in the collision test-bed is consid-
erably lower, an undershoot after the consistent impact 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 various
reaction schemes are shown in Fig. 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. 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 impacts. 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

13 In all remaining experiments in this chapter the contact force was measured with a JR3
force/torque sensor.
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Fig. 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 r = 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.
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could not be tuned such that the slowly decreasing contact force after the backlash
is eliminated. 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. 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 observations lead to the rec-
ommendation to combine the speed of Strategy 4 to avoid the higher displacement
and entire influence of the sled spring, with the convenient compliant behavior of
Strategy 2 by subsequently switching to this mode.

3.5.5 Collisions with the Human Arm and Chest

In order to show the effectiveness of the collision detection mechanisms, real im-
pact tests were conducted with a non-clamped human chest and an outstretched 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 ve-
locity ranged up to 2.7 m/s. Since for these tests a difference in the contact forces
for the compliant reaction strategies is not measurable due to the large variation
caused by the humalﬂ, the focus lies on Strategies 0, 1,2. For the chest impacts the

i

v
e

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

14 This is one important reason why the collision test-bed was built.
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Fig. 3.21 Resulting contact force with and without collision detection and reaction strategy
for the human 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 conditions accurately enough.

detection activates within ~ 14 ms, bringing the contact force down to zero within
< 100 ms and limiting it below ~ 75 N for both the active strategies that were evalu-
ated, 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. Gener-
ally, even without collision detection and reaction, the impact forces can be kept far
below the tolerance force Fexx’:Ol € [1.15,1.7] kN of the chest [27]. Furthermore, the
collision reaction limits the contact forces far below the proposed value of 150 N
in ISO-10218 [18] 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, it 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 [12].
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3.5.6 Trajectory Scaling

Experimental results for the trajectory scaling are depicted in Fig. A reference
trajectory q; for the first joint (solid line) is given for nominal free motion. It is a Sth
order polynomial from g}, . = —23° to qgl’end =22°. During the execution of this
trajectory the human pushes against the robot and the resulting scaled desired posi-
tion qji (dashed line) shows the slowing down and back-pushing along the trajectory
depending on the disturbance input V(&) (dashed-dotted line).

Trajectory Scaling back pushing
25 T \ \ 6
—— Reference ¢}
20| = = =Scaled ¢} /
== U(F) slow down 5
e i
' d
/ ]
H4
A !
" I ! 1
) Y ! 1 o~
) ' 1 1 1s N
o P ' >
ST "‘;‘ i ! 1 i
T ! ! |
' ' | 1 J
ry ) 1 - 2
IR ; ' release |
1
\ ! H '
i "LI ' ! |
,.J_ . f ! 1
I ' N/ : il
!bm'!" i'\atw.m—-.-.
15 20 25 0

time t[s]

Fig. 3.22 Measured trajectory scaling for a sample trajectory implemented on the LWR-III.
The left y—axis is relevant for the reference and scaled joint angle q)i.

Trajectory scaling is intended for continuous physical interaction without switch-
ing the control mode. It is used when the robot is position or impedance controlled,
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 in-
stantaneously 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 [|6], only one of the sub-robots it consists of has to
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Fig. 3.23 Physical interaction with the DLR humanoid Justin

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',

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. Collision de-
tection and identification signals can be efficiently generated e.g. by resorting to
energy arguments, or based on the robot generalized momentum by using only pro-
prioceptive measurements. After collision has been detected, a reactive control strat-
egy e.g. reduces the effective inertia seen by the Cartesian contact forces. The robot
retracts itself safely and rapidly away from the collision area, using the local direc-
tional information collected during the impact. 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 conve-
nient modality to interact with the robot during task execution without forcing the
abortion of its current task. In combination with the collision detection and reaction
methods it is used to establish a multi-level contact/collision reaction architecture.

15 At this point one common time basis for all parts of the robot is assumed.
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Using the LWR-III, which was especially designed for interactive and cooper-
ative tasks, it was shown how the reactive control strategies can significantly con-
tribute to ensuring safety to the human during physical interaction. Several 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 platform has been built that mimics some impact
behavior of the human arm. The proposed collision detection and reactions meth-
ods prove to work reliably and are effective in reducing contact forces far below
any level which is dangerous to humans. Furthermore, evaluations of impacts be-
tween robot and human arm or chest up to a maximum robot velocity of 2.7 m/s are
presented.
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Chapter 4
Biomechanics and Forensics

In this monograph, various injury measures from biomechanics and forensics are
used for analyzing human injury in robotics. In order to give the full picture, an
overview on the most important existing injury classification metrics and biome-
chanical injury measures is given in this chapter.

As suggested by the New FMVSdl, safety-measured regions can be divided into
following complexes:

head
neck
chest
lower extremities

e

In the following, numerous injury indicators and measures for the head, neck,
and chest are described. In this chapter, lower extremities are excluded due to their
reduced relevance for robotics at the present stage. Injury mechanisms of upper ex-
tremities are still investigated in current research and since some according literature
was already given in Chapter [[1] this is also omitted for brevity. As Chapter [6] re-
flects the state of the art in sharp and acute soft-tissue analysis exhaustively, this
part will only be completed by presenting the automotive approach of investigating
lacerations.

This chapter is organized as follows. Section 1] describes how injury is com-
monly classified. Then, Sec.[4.2] Sec. Sec. 44 and Sec. present injury in-
dices for the human head, neck, chest, and eye. Apart from giving some background
information on the underlying biomechanics used in this monograph, this overview
on severity indices is also intended as an outlook on which other indicators will be
analyzed in the near future.

4.1 Classifying Injury Severity

A common approach for obtaining severity indices (injury measures) intends to re-
duce the required measurement into applying a defined input and quantifying its

! Federal Motor Vehicle Safety Standard
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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 guarantees non-severe
consequences on the human body. Before introducing the definition of common
severity indices, an intuitive and internationally established generic definition of in-
jury level is described first.

4.1.1 The Abbreviated Injury Scale

A definition of injury level developed by the AAAMA and the AMAR is the Abbrevi-
ated Injury Scale [3]. It subdivides the observed level of injury into seven categories
from none to fatal and provides an intuitive classification, see Tab[.1l This classi-
fication gives no hint as to ~ow to measure possible injury. This is provided by so
called severity indices. Table[4.1] gives example injuries for the head, thorax, cervi-
cal spine, and extremities as described in [8]. An important fact to notice is that the
scaling between the levels of AIS is nonlinear. This implies that injury of level AIS
3 is far from being half as life threatening as AIS 6.

Table 4.1 Definition of the Abbreviated Injury Scale

AIS Severity Type of injury Head Cervical spine Thorax Extremities Lethality rate [%]
0 None  None - - - - 0,00
1 Minor  Superficial Injury cranial contusion distorsion contusion skin abrasion 0,00
2 Moderate Recoverable mild concussion dorsal process fracture simple rib fracture  lower arm fracture 0,07
3 Serious Possibly recoverable basal skull fracture vertebral body fracture multiple rib fracture compound fracture shinbone 2,91
4 Severe  Not fully recoverable without care mild cerebral hemorrhage  incomplete paraplegia lung rupture upper leg amputation 6,88
5 Critical  Not fully recoverable with care ~ extensive cercbral hemorrhage paraplegia below 4th vertebra heart perforation 32,32
6 Faal  Unsurvivable entire destruction of skull  paraplegia above 4th vertebra full thorax crushing 100,00

As multiple injuries may be fatal even though each isolated one is non-lethal, the
Maximum AIS (MAIS) and Injury Severity Score (ISS) were introduced. MAIS is
the maximum occurring AIS score and ISS is defined as

ISS=A>+ B>+ C?, 4.1

where A, B, C are the AIS scores of the three most injured body regions. Its maxi-
mum value is ISSpax = 75 and if any of the sub-injuries is AIS 6, ISS is automati-
cally set to 75. Important to notice is that a polytrauma is associated with ISS > 16.
Furthermore, please also note that the AIS 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 au-
tomobile crash-testing is described.

2 Association for the Advancement of Automotive Medicine.
3 American Medical Association.
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4.1.2 FEuroNCAP

The ADAC crash-tests described later in Chapter[3] are carried out according to the
EuroNCAH] which is based on the Abbreviated Injury Scale. The EuroNCAP, in-
spired by the American NCAP, is a manufacturer independent crash-test program
uniting the European ministries of transport, automobile clubs and underwriting as-
sociations with respect to their testing procedures and evaluations [9]. The outcome
of the tests, specified in the program, is a scoring of the measured results via a slid-
ing 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 val-
ues the corresponding score (injury potential) is calculated by linear interpolation.
A standardized color code indicates injury potential and is given in Tabi4.2l

Table 4.2 Injury Severity and corresponding color code

Colorcode Color Injury potential

Red Very high
Brown High

Orange Medium
Yellow Low
Green Very low

In the following, a survey is given on the most important blunt injury criteria of
different human body parts.

4.2 Injury Criteria for the Head

4.2.1 Possible Head Injuries and Their Mechanisms

As described in [45], possible injuries of the head can be classified according
to Fig. 4.1l Various injury mechanisms may cause these injuries, of which an
overview is given in [45]. Generally, the according mechanisms are divided into
static (A¢#; > 200 ms) and dynamic. Depending on whether the injury is caused dur-
ing contact or non-contact, the impact force with its respective deformation or the
inertia with correlating acceleration define the injury. For contact forces one gener-
ally distinguishes between bursting (for indirect contact) and bending fracture (for
direct contact). For non-contact caused acceleration due to inertial effects the result-
ing injury mechanisms are focal and diffuse brain injury, respectively.

4 European National Car Assessment Protocol.
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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 concussion
maxilla fracture basilar fractures contusion subdural h. ) swelling
intracerebral h. diffuse axional injury

Fig. 4.1 Possible injuries to the human head [43]

According to [27] most research carried out in connetion 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 an-
other solid object at appreciable velocity. This situation is generally characterized
by large linear accelerations and small angular accelerations 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.
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Fig. 4.2 Impact tolerance for the human brain in forehead impacts against plain yielding
surfaces, [56]
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Table 4.3 The Wayne State Tolerance Curve data basis

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 volunteer sled test: sled acceleration impaired consciousness,
acceleration concussion

4.2.2 The Wayne State Tolerance Curve

For the head many criteria for type 1 interactions are available. Their major the-
oretical basis is the so called Wayne State Tolerance Curve (WSTC) (also known
as cerebral concussion tolerance curve), a fundamental experimental injury toler-
ance curve [24] forming the underlying biomechanical data of many head criteria,
see Fig. [4.2] It consists of data obtained from cadaver, animal, and volunteer tests,
see Tab. In this early study it was assumed that cranial fractures indicate brain
injury. In this sense, it is important to notice that in [[16] it is stated that mild to mod-
erate concussion accompanies a linear skull fracture. However, it has been noted that
concussions often occur without 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 [54,55]. As later on other volunteers had survived frontal crash sim-
ulations exceeding 45 g in [41], 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 [49,48,/50], 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.

4.2.3 Rotational Head Acceleration Limits

Rotational acceleration thresholds can e.g. be found in [39], which were obtained
from Rhesus monkeys and scaled via similarity transformation to the human. The
authors found the following tolerance law.
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krhesus

Dmax = 2 4.2)

3
M ain

The constant factor kgesys 1S derived from the Rhesus monkey data.

Table 4.4 Tolerance thresholds for totational acceleration and velocity of the brain [46]

tolerance threshold type of brain injury |reference

50 % probability: cerebral concussion [39]
@y = 1800 rad/s? for < 20 ms
wy = 30 rad/s for t > 20 ms

@y < 4500 rad/s” and/or wy < 70 rad/s|rupture of bridging vein|[26]

2000 < @y < 3000 rad/s brain surface shearing |[4]

oy < 30 rad/s: (general) [38]
safe: wy < 4500 rad/s?
AIS 5: dyy > 4500 rad/s?

o > 30 rad/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?

In a second approach, published in [40], it was postulated that the investigated
“natural” head movements are surely harmless and this should be used as a criterion.
The result was a tolerance curve relating rotational acceleration and residence time.
An extensive listing of tolerance values for rotational acceleration and velocity of
the brain is given in [46], see Tab.[£.4

Next, the head acceleration-based HIC, 3ms-Criterion, and Generalized Accel-
eration Model for Brain Injury (GAMBIT) are described. Due their correlation to
acceleration these indicators are not able to predict the injury risk of sustaining frac-
ture mechanisms of the facial and cranial bones.

4.2.4 Head Injury Criterion

The most frequently used head severity index is the Head Injury Criterion [56],

defined as
1 o 3)
HIC36 = max { At (—/ |5ZH|2dt> <650 (4.3)
At At f

At =1t) —t] < Atmax = 36 ms.
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||%#|| is the resulting acceleration of the human headd and has to be measured in
g = 9.81 m/s?. The optimization is done by varying #; and 1, 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 duration, 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 ;s with Atn,x = 15ms exists. In typical automotive safety applications
it is set to < 36ms, [28]. Comparing both likelihood distributions yields that cor-
responding injury probabilities for HICs are more restrictive than for the HICsg,
see Secld.2.6 Further details on the derivation of the HIC can e.g. be found in [56].

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.

4.2.5 3 ms-Criterion

The 3 ms-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 EuroNCAP. Any
shorter impact duration only has little effect on the brain. In [[14] a threshold of 80 g
was proposed.

4.2.6 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 National Highway Traffic Safety Administration (NHTSA) specified the
expanded Prasad/Mertz curves [36] for converting HIC|5 values to the probability
p(AIS > i) of the corresponding AIS level i which are shown in Figld3] (left). In
[20] a conversion from HIC3¢ to p(AIS > 2,3,4)yic36 is defined. Since the EuroN-
CAP underlays its injury risk level definition mainly on the p(AIS > 3)-level, the
corresponding functions for both HICs are illustrated in Fig[4.3] (right):

P(AIS > 3)uicis = n (4.4)

3.39+ —0.00372HIC
I4+¢ ~ HICs 13

PAIS = Bz = @ (UGt ), *5)

3 ||%]|2 =Euclidean norm.
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with @(.) denoting the cumulative normal distribution with mean p = 7.45231 and
standard deviation 6 = 0.73998. For p(AIS > 2)mc36 and p(AIS > 4)pic3e the nu-
merical values are 4 = 6.96352, 0 = 0.84664 and u = 7.45231,0 = 0.73998. For
the very short impacts discussed in this monograph the evaluation of HIC;s and
HIC3¢ lead to the same numerical value. The original publication of these mappings
can be found in [[15]. The author analyzed the drop test data documented in [43].
The HIC,5 indicates a higher risk level than the HIC3¢4 for the same numerical value
and is therefore more restrictive.
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Fig. 4.3 Mapping HIC5 to the Abbreviated Injury Scale (left) and comparing p(AIS >
3)uicis with p(AIS > 3)micse (right)

4.2.7 GAMBIT

The GAMBIT was introduced in [34]. It aims at combining translational and rota-
tional head response into one criterion and is defined as follows

GAMBIT(t) = KXH (t))n + (d’” ) >m] % : (4.6)

jCH,c Ci)H.,c

with ¥y generally measured in [g] and the rotational acceleration @y in [rad/s?]. In
[19] a fully parameterized solution is given:

GAMBIT(1) = [(ng((t)))u + ( ;’5”0(5()))251 B (4.7)
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Fig. 4.4 GAMBIT as a function of translational and rotational acceleration

Figure [4.4] shows the iso-lines of the GAMBIT. A considerable simplification of
(@D was also derived and led to

iH Oy

GAMBIT= — + ——— 4.8

250 + 10000’ “8)
with Xy and @y being the mean translation and rotational acceleration, respectively.
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.

4.2.8 Vienna Institute Index

The Vienna Institute Index is based on a simple mass-spring-damper model of the
human head. The damping is chosen to be Dy = 1 and the eigenfrequency wys, =
635 %. The according injury index is defined as a displacement relationship [@]:

g = Hmax (4.9)

XH tol

where xy max is the maximum displacement xy for a given acceleration pulse and
XH 1ol = 2.35 mm is the maximum tolerable value for this displacement. Its critical
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tolerance level is defined as _# = 1. Values _# < 1 cause cerebral concussion with-
out permanent after-effects at worst, while _# > 1 is considered to be hazardous to
life.

4.2.9 Effective Displacement Index

The Effective Displacement Index (EDI), introduced in [7], is similar to the Vienna
Institute model but is characterized by different damping and stiffness values (eigen-
frequency). They are set to Dy = 4 ~0.707 and @y, = 482 rad/s. This index dif-
ferentiates in particular anterior-posterior and resulting displacement, see Tab.
In [16] this criterion was evaluated and compared to the Severity Index [13,56, [11],
where it was concluded that both indices produced critical values as predicted by
their original authors.

Table 4.5 Parameters and tolerance values of the Effective Displacement Index

XH ol Anterior-Posterior Resulting
human 38.1 mm 45.72 mm
dummy 43.18 mm 5.08 mm

4.2.10 Revised Brain Model

The Revised Brain Model uses the same dynamics model as the Vienna Institute
Index or EDI. The damping and eigenfrequency are selected to be Dy = 0.4 and
Wy, = 175 rad/s, respectively. The proposed tolerance criterion is the maximum
deformation xg o1 = 31.75 mm for pulse durations of A#; > 20 ms and the head
velocity Xy o1 = 3.43 m/s for pulse durations At; < 20 ms, respectively.

4.2.11 Maximum Mean Strain Criterion

The Maximum Mean Strain Criterion (MSC) was introduced in [27] based on mod-
eling the human head as a 2-mass-spring complex, see Figl4.3l Formally, the crite-

rion is defined as |
&y = l_ . (xH2 —le) <0.0061, (4.10)

M
i.e. it poses a constraint on the elastic deflection of the lumped head representation.
Its underlying model was extended by a damper in series to the stiffness [52] and

the further revised to the so called Translational Head Model (THM) [51, 153]. In
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Fig. 4.5 The Mean Strain Criterion model

this work, strain rate was also proposed as a suitable injury criterion. The approach
is also applicable for L-R and S-I impacts. However, due to some inconsistent inter-
pretations caused by the chosen formulation the MSC never established itself over
the years.

The last distinct severity index for the head described here is the Maximum
Power Index (MPI). In contrast to the displacement, velocity, or acceleration-based
approaches presented up to now, the MPI concentrates on the change of kinetic
energy.

4.2.12 Maximum Power Index

The MPI introduced in [35] is the weighted change of kinetic energy Head Impact
Power (HIP) of the human head and the weighting is carried out by two sensitivity
matrices Cy = diag{cy;} with ¢,; > 0 and Cy = diag{cy;} with cy; > 0.

PI .= C:MXp - Xy + CoMy0p - Oy =
= GHIP,+CyoHIP, 4.11)

M, M are diagonal matrices, consisting of the effective mass and moment of inertia
of the head, respectively. The MPI is then defined as

MPI = max(PI) (4.12)

C; and C, were not yet determined and are therefore set to unity matrices. The
MPI has not been introduced in any regulations so far. However, this index is val-
idated by analyzing collisions of American football players during a game. Based
on this analysis they found a 50 % probability of concussion at HIPy,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
described.
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4.2.13 The Facial Laceration Criterion

Investigating facial laceration in automobile crash-testing originates from designing
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 laceration injury correlates to large cuts
in the inner layer. The original work [[17] proposed the so called Chamois Laceration
Scale. In [44] 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 shows the correlation between injury level, facial laceration injury crite-
rion, and AIS from [44]. It is significantly simplified in comparison with the original
definition given in [17]. A general drawback of the chamois-based methods so far is
that they require a skilled subjective interpretation. In [42] the authors proposed the
so called Triple Laceration Index (TLI), which is a quantitative assessment of lacer-
ation severity. They used two layers of chamois and an underlying layer of rubber.
The TLI relates number, length 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.

Table 4.6 Proposed tolerance levels for the Facial Laceration Criterion [44]

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

4.2.14 Fracture Forces

In [[16] 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), depressed (fracture area
< 13 cm?) and depressed with punch through fractures (fracture area < 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 [6]. As already mentioned fractures are related to
impact forces and were investigated quite extensively in the biomechanics literature.

In Tab. 4.7 limits of the facial and cranial bones according to [29, 10,16, 15, 147)]
are listed (some measurements are omitted for brevity). The corresponding termi-
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Fig. 4.6 (Simplified) anatomy of the human skull [1]

Table 4.7 Facial Impact Tolerance of cadaver heads

Facial bone Fracture force Impactor diameter Reference

Mandible (A-P) 1.78 kN 0.029 m [47]
Mandible (lateral) 0.89 kN 0.029 m [47]
Maxilla 0.66 kN 0.029 m [47]

Zygoma 0.89 kN 0.029 m [47]

Cranial bone Fracture force Impactor diameter Reference
Frontal 4.0 kN 0.02m [5]
Temporo-Parietal 3.12 kN 0.029 m [29]
Occipital 6.41 kKN 0.017 m [29]

nology of the head anatomy is illustrated in Fig. 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. 3] showed that the fracture force of the
frontal bone is 4.0 kN and [29] that the temporoparietal bone has a tolerance force
of 3.12 kN. [47] 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, re-
spectively. For the nasal bone [37] measured a tolerance value of 0.34 kN.

An important aspect of safety in automobile crash testing is neck injury, which
is described in the following.
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Fig. 4.7 Taxonomy of neck motions

Table 4.8 Higher and lower performance limits specified for the human neck

Load @0 ms

@25 —35 ms @45 ms

Shearing: Fy,F, 1.9/3.1kN 1.2/1.5kN  1.1/1.1 kN
Tension: F; 2.7/33kN 2.3/29kN 1.1/1.1 kN
Extension: M, 42/57Nm 42/57Nm  42/57 Nm

Table 4.9 Dynamic fracture loads for the thyroid and circoid cartilages

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

4.3 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 direct impact
to the neck or via head inertial loading. In the EuroNCAP corresponding limits for
the latter injury class are defined with respect to the positive cumulative exceedance
time, see Tab. 4.8l Between these values a linear interpolation is carried out. The
corresponding taxonomy of the neck is illustrated in Fig. 7] whereas the EuroN-
CAP specifies limit values only for the motions listed in Tab. 8 A good summary
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of the underlying biomechanical references is given in [29] and further information
can also be found in [33, 131),132].

Apart from these standardized limit values, which do not cover isolated direct
neck loading, [29] described tolerance forces for the thyroid and circoid cartilages
based on data from [30, [12]. The measured dynamic fracture forces are listed in
Tab. illustrating the sensitivity of these parts of the body.

4.4 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 crite-
ria, the standard chest model used throughout this monograph is described.

4.4.1 Lobdell’s Chest Model

The standard lumped abstraction of blunt chest impact dynamics is Lobdell’s chest
model [25]. 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 cadav-
ers, volunteers, and dummies. M is the effective mass of the sternum, a portion of
the anterior rib cage, and thoracic contents. M is the effective mass of the remain-
ing portion of the thorax. xc, and x¢, are their position variables. The numerical

Table 4.10 Parameters of the Lobdell dummy chest model

Parameter Value

MCl 0.45 kg
Mcz 27.2 kg
kc’] 26.3 kN/m
kcp 78.8 kKN/m
dc,  0.525 kNs/m
dc}z 1.23 kNs/m
o) 0.0318 m
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dummy values of these parameters are depicted in Tab. The thoracic system
can be described by following differential equations:

Mciic, = fext — g(Axc) — h(Axc) (4.13)
Mcyic, = g(AxC) —I-h(A)'CC) (4.14)

where Axc = x¢, — xc, is the chest deflection. The thoracic spring and damping
force can be expressed as

kC (xc 7XC) ifOS(XC *XC)S50
Axc) = o e Loe 4.15
g( .XC) {kc2 (xcl 7)CC2) 7fext.,0 if ()CC1 7)CC2) > 0 ( )
.\ ) de (%c, —xc,) if (G, —%c,) > O
h(AXH) N {dCQ(xC] 7-).CC2) if (xC1 7).CC2) < 607 (416)

where fext,O = (kcz — kcl )50

4.4.2 Force Criterion

As force-based criteria will be introduced in Chapter 5] only some additional re-
marks 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 [23]
even higher loads are subcritical in most cases.

4.4.3 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(¥c,) < 60g = 588.6 5 A Af <3ms (4.17)
S
max(Axc) = max(xg, —xp,) < 63 mm.

The NHTSA [2] gives also for the critical chest acceleration and deflection a
mapping from Xp,, and xu;, — xp, to probability of injury severity.
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p(MAIS2+) = (1+exp(1 .23241— 0.0576%¢ max) )

p(MAIS3+) = (14 exp(3‘l4931* 0.0630%¢ max))

p(MAIS4+) = (1+ exp(4.34251— 0.0630%¢,max))

PIMAISSH) = 7= exp(8.76521— 0.0659%cmax)) @

1

P(MAIS2H) = (18706 — 0.04439(Ax0))

p(MAIS3+) = 1+ exp(3.71241— 0.0475(Axc))

PIMAISA) = 7 exp(5.095217 0.0475(Axc))

p(MAIS5+) = 1 (19

(1+exp(8.8274 — 0.0459(Axc))’

where p(MAISi+) is the probability of the i-th or higher MAIS level to occur.

4.4.4 Compression Criterion

From evaluated cadaver experiments it was derived that acceleration and force crite-
ria 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)

CC = ||Axc||> < 22mm (4.20)

is a superior indicator of chest injury severity. Especially sternal impact was shown
to cause compression of the chest until rib fractures occur [21,, 23].

For the 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 % (4.21)

In (@.21)) the CC is assumed to be normalized with respect to the initial thorax thick-
ness /..
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4.4.5 Viscous Criterion

The Viscous Criterion (VC), which is also known as soft-tissue criterion [23,22] is

defined as
||Axc|2

VC = c||Axe |, 2222 g5 1 (4.22)
Il K
In contrast to the CC, it is the product of compression velocity and the normalized
thoracic deflection. The scaling factor ¢, and the deformation constant (actually the
initial torso thickness) /. depend on the used dummy and are summarized in [57)].

In the next section some recent findings from biomechanics of eye injury are
shortly described. These are a basis for future investigations.

4.5 Eye Injury

In [18] blunt eye injury was analyzed with respect to its occurrence, cause, and
injury mechanisms. According to [[18] low severity injury of the eye are e.g.
AlISI:

* 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 occur in home environment with 40 %. This result is based on an
eye injury database from projectile tests, which was acquired experimentally and
from existing literature. Overall, the authors analyzed data from 8 different 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 con-
cluded that normalized energy (energy density) is a good indicator of the different
injury mechanisms. They verified their results 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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Chapter 5
Crash-Testing in Robotics

Ensuring safety leads to various aspects ranging from preventing electrical threats
to coping with human mistakes. Up to now, this monograph focused on develop-
ing different methods for collision avoidance, detection, and reaction, i.e. to equip
the robot with reactive motion control capabilities to appropriately react to envi-
ronmental changes and unforeseen collisions. In this chapter however, the focus is
on various aspects of physical human-robot contact and their related injury poten-
tial. In Figure 3.1l 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, constrained impacts, partially constrained impacts,
and resulting secondary impacts. In this distinction it is not differentiated between

Secondary impact

Unconstrained
impact
—————/

N\

Partially contrained impact Constrained impact
-—

\ J

Fig. 5.1 Classification of undesired contact scenarios between human and robot
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blunt or sharp contact since the contact situation stays untouched in this context.
The unconstrained impact is characterized by only the robot and human being di-
rectly 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
manipulator. 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 pictogram only
one example of this type is given). A combination or sequential order of the con-
tact types is possible as well. Imagine a human that is standing 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 vari-
ous 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 col-
lision 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
ase.g. [28,17,118, 21,18, 19,132], the main objective of actually quantifying and eval-
uating 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 impacts, 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 consideration, since these
mechanisms cannot be measured with standard crash-test dummies. To evaluate the
resulting injury severity the European testing protocol 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 [47], which was introduced to robotics in [50, I5] 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 simulations. These contributions indicated high potential of injury
to humans by means of the HIC, already at a robot speed of 1 m/s. This also matched
the “common 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.

I Chapter[@ 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 experimental
evaluation of the HIC in standard crash-test facilities. Additionally to the impact
evaluation it will be shown that even with an ideally fast (physical) collision detec-
tion 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 inertias similar or larger to
the ones of the LWR-IIIL.

Based on these tests, several industrial robots of increasing weight were
evaluated and the influence of robot mass and velocity investigated. The analyzed
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 ana-
lyzed, 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 environments in the
future, since its inherent injury potential has to be analyzed and quantified. The
same holds for effective human-friendly control and motion schemes which have
to be evaluated. For achieving such a representative routine, new findings for the
basic understanding of human-robotimpacts 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 extensive 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 [3.1] a brief overview of injury
quantification is giverﬁ, followed by Section [3.2] which describes blunt impact
tests with the LWR-III. Then, in Section the role of robot mass and velocity
is analyzed in detail for unconstrained impacts, followed by constrained impacts
in Sec.[5.4l Quasistatic clamping close to singularities is discussed in Sec. Fi-
nally, the results of the aforementioned large experimental campaign are presented
in Sec.

5.1 Automobile Crash Testing

A large variety of injuries are possible during an accident of a human with a robot,
see Fig.[5.2h. In order to evaluate and categorize all these possible injuries, a com-
mon definition of injury severity is needed. In the following analysis, an interna-
tionally established definition of injury level and its related pendant in automobile
crash testing is used. The Abbreviated Injury Scale (AIS) which is defined in [, 2]

2 A well known example from Germany is the ADAC Motorwelt.
3 Please note that ChapterEl gives a rather extensive overview of injury biomechanics.
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Fig. 5.2 The relationship between possible injuries of different body parts, its quantification
and classification. 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.

subdivides the observed level of injury into seven categories from none to fatal, see
Fig.[3.2k. In automobile crash testing the EuroNCAFﬂ, based on the Abbreviated In-
jury 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.[5.2k (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 de-
fined 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 liter-
ature contains a large variety of such indices, but selecting the appropriate ones for
robotics is a challenging task, requiring interdisciplinary skills. Already introduced
into the robotics literature in [5,50] was e.g. the HIC [47] which is widely used in
automotive crash tests, see Fig. 3.2b. In the present chapter this criterion and other
indices will be analyzed in order to assess their use and relevance to robotics. Map-
pings 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 Chapter[dl

After introducing relevant aspects from quantification and classification of injury
in automobile crash testing, the important class of blunt unconstrained impacts is

4 European National Car Assessment Protocol
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discussed next. First, this will be done based on experimental data acquired with the
LWR-III. 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.

5.2 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.

5.2.1 Experimental Setup

The HIII represents the standard equipment used to measure various front crash in-
jury criteria at a sampling frequency of 20 kHz. The signals are filtered according
to the standardized specifications given in (10]. In Figure the impact config-
uration of the LWR-III for head impacts is shown, which was chosen as a tradeoff
between high maximal impact velocity and large reflected inertia (= 4 kg). The com-
manded 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 (1-DoF) and high-bandwidth acceleration
sensor

Aluminum impactor :

Standalone LWR-III

Fig. 5.3 High-speed recording of the impact tests with a Hybrid III-dummy
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Acceleration sensor Hybrid III-dummy

Triaxial acceleration sensor (COG)

2x 6-DoF force/torque sensor
Triaxial acceleration sensor

Rotary potentiometer (COG)

Force sensor

Fig. 5.4 Instrumentation of the LWR-III (additional external force and acceleration sensor)
and the HIII

(3-DoF) mounted on a 1 kg impactor which defines the contact geometry. Figure 5.4]
indicates the instrumentation of the HIII and the LWR-III.

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

Qseart = [—45 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 po-
sition. Furthermore, high TCP velocities can be achieved in this impact configura-
tion. In the experiments the robot impact velocities were chosen to be ||X||tcp €
{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 particularly
in the case of impact.

5.2.2 Results for the Head

In Figure[3.3 the resulting HIC34 values are plotted with respect to the impact veloc-
ity of the robot. The corresponding injury classification is described in Sec. In
order to classify an impact into the green labeled region, the occurring HIC3¢ must
not exceed 650, which corresponds to a resulting 5 %-probability of serious injury
(AIS > 3). This value originates from [@,] and differs only slightly from the one
obtained by the fitting function (#.3).
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Fig. 5.5 Resulting HIC34 values for varying impact velocities, rated according to the EuroN-
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Fig. 5.6 Resulting 3 ms-Criterion values for varying impact velocities, rated according to the
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As indicated in Fig. 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 @4) and (.3) is ~ 0 % for all categories (more specifically
4.87 x 107% and 1.1 x 1073). Another aspect that clearly can be deduced from
Fig. is that the HIC3¢ is rapidly increasing with robot velocity.

Similar to the results of the HIC3¢, very low potential danger is indicated by 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.
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Fig. 5.7 Resulting impact force during head impacts

5.2.3 Results for the Neck

The resulting neck force FNK for varying robot velocities caused by head impacts

is illustrated in Fig.[3.7l The actual impact is characterized by a very short peak with
duration and maximum value dependent on the impact velocity. 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
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Fig. 5.8 Resulting Fy, and F; values for varying impact velocities, rated according to the
EuroNCAP Assessment Protocol And Biomechanical Limits
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Fig. 5.9 Resulting max{Mnyk} values for varying impact velocities, rated according to the
EuroNCAP Assessment Protocol And Biomechanical Limits (left). Resulting max{Ax¢} val-
ues for varying impact velocities, rated according to the EuroNCAP Assessment Protocol And
Biomechanical Limits (right)

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. 5.7t 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 5.8 the occurring upper neck shearing and tension/compression forces
are plotted with respect to the positive cumulative exceedance time. Only tension
limits are specified in the EuroNCAP. However, according to [[a] tension is more
critical than compression and thus applying available limits to both, tension and
compression seems to be a reasonable choice.
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The tolerance values for neck forces are not constant, but a function of the ex-
ceedance time (see Sec4.3). The particular neck tolerance values used in the EuroN-
CAP originate directly from biomechanical and forensic literature and are listed in
standard textbook literature such as the The Handbook of Forensic Medicine (Ger-
man) [l6]. The resulting forces are labeled with the corresponding TCP velocity. In
Fig. a * indicates the forces caused by the impact and < the ones by contin-
uous bending, if they were larger than the impact forces. In order not to break the
dummy neck, the robot stopped at a predefined distance after the collision occurred.
This limits the bending forces & torques, which otherwise would further increase. In
Figure[3.9](Ieft) the results of the extension torque are visualized. Similar to the pre-
vious head severity indices, the occurring neck forces/torques are totally subcritical,
i.e. pose no threat to the human.

Resulting neck force FNeck
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——without collision detection
with collision detection

01 02 03 0z 05 05 07
time [s]

Fig. 5.10 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 im-
pacts. This was analyzed by pushing with the robot against a dummy head with a
constrained torso. The experimental setup and the neck force Fae* caused by head
impacts for an impact velocity of 0.2 m/s are illustrated in Fig. The actual
impact is characterized by a very short peak, which duration 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 reduction in neck force due to the collision re-
action strategy. In case of a constrained human as depicted in Fig. (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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5.2.4 Results for the Chest

According to [40] a 5 %-probability of serious chest injury (AIS> 3) corresponds
to a compression of 22 mm and 50 % to 50 mm. In Figure (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 values
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.

5.2.5 Parenthetic Evaluation and Discussion

During the experiments at the ADAC, the standard measurements for automotive
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 deflection. All calculations
of the severity indices were carried out by the ADAC, thus were done according to
the EuroNCAP. The main conclusion of the experiments 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-
IIT (as of most industrial robots) is considerably lower than typical car velocities.
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 excluded during free impacts with
a robot moving at speeds up to 2 m/s. The correlation to injury probability of the
HIC according to [34] indicates that the probability of suffering from less or equal
minof 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 unconstrained 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 the HIC to injury probability [34] appears
not differentiated 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 impacts with

5 According to the Abbreviated Injury Scale.
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robotsd, injury mechanisms need to be analyzed to appropriately represent this class
of severity, and corresponding indicators have to be proposed. 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 [5,150]. 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.

5.2.5.1 Typical Impact Characteristics

Figure[5.11](left) shows the recordings of an impact with the dummy head at 2 m/s.
It displays the torque 74 in the 4-th joint, as well as the acceleration ||X || and force
Fex¢ 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 in the following.

5.2.5.2 Collision Detection and 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 sim-
ilar to, or higher than the ones of the LWR-III. At this point it is implied that the
flexible joint assumption holds for similar lightweight designﬂ. For collisions with
softer body parts (e.g., the arm as outlined in [[15]) the impact duration is higher
and decreasing joint stiffness might reduce contact forces. To validate this state-
ment, the resulting contact force was simulated with a dummy head model and

6 From now on impacts not being faster than 2 m/s are assumed if not stated otherwise.
7 For a very stiff and heavy industrial robot this is e.g. not the case.
8 The model is extracted from real impact data.
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Fig. 5.11 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 ||X4;|| and impact
force Fex are simultaneous, the joint torque 74 and the additional external torque estimation
r4 react delayed to the impact (left). Effect of stiffness reduction on impact force, HIC, and
spring force (right). The solid line indicates the contact 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 stiftness. The HIC is constant with HIC = 28.8 for all
three simulations.

a reduced LWR-IIT model for three different stiffness valued]. This shows that the
contact force, respectively the HIC is practically invariant with respect to a reduc-
tion of joint stiffness to values below the one of the LWR-III, see Fig.[5.11] (right).
The spring force starts principally increasing after the maximum contact force was
reached, right before the contact to the head is lost. Therefore, neither the reduction
of joint stiffness nor of the motor inertia have an influence on the (very short) impact
dynamics even for such intrinsic joint stiffness of the LWR-IIL. Only the link side
inertia is influencing the impact force, see Fig.[5.12

In order to investigate whether a physical collision detection scheme is able to re-
duce impact characteristics, the collision detection and reaction scheme from Chap-
ter Bl is used in the experiment and indicated in Fig. B.11] (left). Alternatively, the
acceleration signal of the impactor, i.e. an ideally fast detection, was utilized to trig-
ger 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 characteristics
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.

9 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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Fig. 5.12 A rigid impact between a compliant joint and the human head is already at moder-
ately 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 the HIC or maximum impact forces and the latter is not. Please
compare to Fig. [5.11] (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 intro-
ducing more joint compliance. On the other hand, the following post-impact phase is highly
depending on the joint stiffness.

 For such impacts further joint stiffness reduction does not lower impact forces or
severity indices since motor and link inertia are already decoupled.
* Soft covering is an adequate countermeasure to reduce the impact effectively.

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.[3.11]
(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 [[16,117] 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. 5.11] (right).

10° A mechanical end stop in the robot 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.
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At this point another remark concerning the deliberate introduction of mechani-
cal compliance into the joint as e.g. in [33,15,46] 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 motion[]. 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 mecha-
nism gives animals their ability to have outstanding peak performance by means
of velocity and was recently used for robots similar to a catapult in [43] and for
performance increase in [38, 137,49, [17].

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 dan-
gerous 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[10}

5.2.6 Human-Robot Impacts

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 colli-
sion detection was switched off (more accurately: the detection was activated but the
robot was programmed to continue its desired trajectory in case of a collision). Only
a low-level feature of the robot engaged the brakes in case of exceeding the maxi-
mum 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.[3.2.5.2).

As predicted by the dummy tests no injury could be observed even at such high
speed impacts.
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Fig. 5.13 Impact tests with a human chest at 2.7 m/s and head at 1.5 m/s. The impact veloci-
ties for the abdomen and the shoulder were 2.7 m/s as well, which is the maximum velocity of
the robot. During all these experiments the robot does not react to the activated collision de-
tection. 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 [11/]] and support, if not even prove the previously given
conclusions.

Table 5.1 Human walking/running speeds according to [20]

Running Type Velocity [m/s]
Slow walking 0.5
Fast walking 2.0
Race walking 4.0

Running (world record 2006) 10.35
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Fig. 5.14 Resulting Head Injury Criterion calculated from simulated 1-DoF 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 intu-
itive 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. The intuition already tells from everyday
experience that such an impact is certainly hurting but never even close to life threatening.

2m/s = 7.2km/h £

»
V/n

S

Fig. 5.15 Running against a rigid wall

5.2.7 Influence of Robot Mass and Velocity

Since the LWR-III with its lightweight structure is especially designed for the close
cooperation with humans, 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. Apart from
the robot’s mass, the influence of its velocity is of interest. Figure [5.14] shows the
dependency of the HIC on the robot mass up to 500 kg with the graphs being pa-
rameterized by impact velocity. Two main statements can be deduced:

» The HIC saturates with increasing robot mass for all impact velocities.
» Impact velocity is the major factor defining the injury severity.

11 please note that this is not a discussion about variable joint stiffness but about a low con-
stant joint elasticity.
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The first statement was unexpected as it contradicts the intuition of a massive robot
being a priori life threatening. However, an intuitive and afterwards obvious inter-
pretation 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. This intuitive exam-
ple already shows that one would not be seriously injured, even though this impact
occured at relatively fast walking speed, see Tab.[5. 1] where the velocity of human
walking up to world-class running according to [20] are listed. Therefore, even the
infinite mass robot cannot become dangerous at 2 m/s by means of impact related
criteria used in the automobile industry (such as the 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 robo@. 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. xg is the relative impact velocity between the robot and
human. Solving the corresponding differential equation leads to the contact force

M,
— "R O, cos(wat) My if |1] < L
Mgr +My
Fext = “ (51)
Xy
0 else,
_ [ MgM, _ 2 p p .
where w, = WK and T = 5’: The maximum value of this force is conse-
quently
Mg Mg+ My .0 MrMpy .0
Fax — VEKXpMy = | —————V Kxj. 52
& = Mer by \ Mty Y EME =y o, VR 52)

If the robot mass is significantly larger than the human head mas{3, i.e. Mg >>
My this reduces to
FO™(Mg >> My) = vKMy iy, (5.3)

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 intuitive 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 coefficient is
introduced.

12 For 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.

13 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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Fig. 5.16 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.

Foe M,
gr= =/ 5 <1 (5.4)
Fexl (MR >> MH) Mg+ My

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. In other words, it is possible to define the maximum
allowable force level (percentaged by means of the saturation force), leading to
requirements concerning the maximum reflected inertia of the robot. As will be
pointed out in Sec.[5.3.2]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 detail .

5.3 Blunt Unconstrained Impacts for General Robots

In this section, the experimental confirmation of the statements given in Sec. [5.2.7]
regarding saturation of the HIC with robot mass is presented. The results clearly
indicate that the HIC and similar criteria which refer to severe injury have low val-
ues. It is crucial to evaluate lower severity injuries and find adequate measures for
them. The evaluation of the 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.
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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 fored™.

5.3.1 Evaluated Robots

In order to cover a wide range of robots and to be able to verify the saturation
effect explained in Sec. [5.2.7 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.[5.17) are compared with the LWR-III. The industrial robot tests were carried
out with a simplified setup (denoted as Dummy-dummy), mimicking a HIIT 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
thresholdY. In combination with the mounted impactor the weight of the flange-
impactor complex is 1.4 kg.

5.3.2 Head Injury Criterion and Impact Forces

In Figure[5.32the resulting HIC values for the different robots are depicted and clas-
sified according to the EuroNCAP. The values for the KR3-SI are even lower than
for the LWR-III because the intermediate flange decouples the impactor at the mo-
ment of impact from the entire robot. Therefore, only the flange-impactor complex
is involved in the impact. Furthermore, the saturation effect explained in Sec.[5.2.7]
is observed, as the numerical values for the KR6 and KR500 do not significantly
differ. The simulation results presented in Fig. 5.14] should be considered as con-
servative, since the actual saturation value is even noticeably lower than predicted
by simulation. This result indicates a very low potential injury and the probability
of a resulting injury level of AIS > 3 according to [34] is maximally ~ 0.15%, i.e.
negligible. The HIC for the KR500 measured at 80 % and 100 % of maximum joint
velocity, corresponding 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 auto-
mobile crash testing. The injury level for these values are located in the green area
as well, and the probability of AIS > 3-injuries are 1.2 % and 3.6 % for the faster
impacts with the KR500, see Fig.

14 Their fracture tolerance correlates to certain contact forces.

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

16 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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Fig. 5.17 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.

The results indicate that the HIC and similar criteria are apparently not appropri-
ate measures of possible injuries in robotics (by means of relevance for human-robot
interactionﬂ, necessitating the investigation of other injury mechanisms of lower
severity like fractions of facial & cranial bones, which could occur during human-

17 In contrast to the requirements in Human-Robot Interaction it is claimed in Chapter
that in Competitive Robotics a robot must not be more dangerous than a human [IE, ]. In
order to be a peer opponent, as e.g. in the ultimate goal of RoboCup, the robot needs to have
similar physical 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.
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Fig. 5.18 Resulting HIC3¢ values at varying impact velocities for all robots, rated according
to the EuroNCAP 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 ad-
dition, 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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Fig. 5.19 Contact forces for simulated impacts between a robot and the frontal area (right)
and the maxilla (left) showing the dependency on the robot mass and velocity. The impact
velocity steps are 0.5 m/s. Similar to the 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.
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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 [[13,114].

In Figure the dependency of the impact force w.r.t. the robot mass and ve-
locity (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
conditiond™§. For all boned™, except the frontal one it appears that starting from the
saturation mass valu, a velocity between 0.5-1.0 m/s is enough to cause frac-
tures. 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 exceeding 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. [5.2] validate the assumption of a conservative
but nevertheless realistic upper bound. According to [23] the correlation between
kinetic impact energy and injury severity by means of frontal fractures for cadaver
head drop tests on ground were observed.

Table 5.2 Drop tests with cadaver heads

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

Below 50 J usually no fractures occur. An impact velocity of 2 m/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. (left), implying
a fracture already at 10 J. This can be explained by the conservative estimation of
the frontal stiffness which neglects the comparatively slowly increasing force in the
beginning of an impact [4, 3]. Therefore, Fig. (right) and Fig. (left) are
overestimating the resulting injury. However, e.g. in [30] it is shown that frontal
fracture can already occur at 2—-3 kN for smaller contact areas and [44] indicates
frontal fractures already at 37 1. Due to the significant biomechanical variation

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

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

20 The robot mass from which on a further increase does not result in significantly higher
forces.

21 An impactor was used, i.e. drop tests with a pre-defined impactor mass were carried out.
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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 conservativé?] in the range of more than an order of magnitude
(for both, the force and velocity), 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 dramatically lowered,
possibly causing even more severe injury. A precise statement about these conse-
quences is currently not possible but the experiments according to [23] give first
hints. Furthermore, empirical data on cadaver experiments at == 22 km/h (= 6 m/s)
with an impactor of 23 kg exists [42, 22]. Such impacts lead to maximum AIS = 3
injuries for facial impacts, while evaluating the skull, brain, neck, and skin. Note
that the authors state that for reality (meaning living humans) AIS = 4 is not ex-
cluded. Based on these experiments 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 environ-
mental constraints.

5.4 Constrained Blunt Impacts

In the preceding part of this chapter non-constrained blunt impacts were investigated
with respect to robot mass and velocity. The effects of these robot parameters in case
of clamping are outlined in this section. Robotics literature deals mainly with free
impacts [5,118,50], only few works as e.g. [26] give a short notion about the injury
potential emanating from clamping.

Concerning injuries caused by robots, only little data or literature is available. In
[45] the United Auto Workers (UAW) union published a report which provides 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 mainte-
nance 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 struc-
ture?. In order to analyze the mechanisms behind such a process it is first explained
which types of blunt clamping are relevant to robotics and next the braking distance

22 The ISO-10218 imposes a velocity limit of 0.25 m/s, corresponding to a drop height of
2 mm.

23 Clamping can as well occur within robotic elements, such as two links, but this is not part
of the analysis.
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of various investigated robots is given. These tests are especially done for estimat-
ing the equivalent braking force for a one-dimensional impact simulation?d, which is
used to evaluate maximal contact forces and evaluate severity indices. This is neces-
sary 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.
HII) 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 especially
designed for Human-Robot Interaction, clamping is under normal circumstances
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.

High velocity Low velocity

Fig. 5.20 Two different types of clamping: Dynamic clamping at high Cartesian velocities
(left) and quasistatic clamping during low velocity movements or near singularities (eventu-
ally high joint velocities but slow Cartesian velocity)

5.4.1 Types of Blunt Clamping

Generally, two types of blunt clamping can be differentiated: Dynamic and qua-
sistatic. According to [@] the first one is a major injury source in industrial

24 A full dynamic model of the industrial robots for simulation is not available.
25 This does not mean these are the only possible injuries, other ones like Contre-Coup [Ia] or
secondary injuries need further investigation.
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applications and will be the focus of this section. The second one occurs if the
robot is moving slowly or if the robot is close to a singularity. This is discussed in

Sec.5.313.6.2.2 and[5.6.2.4

* Dynamic Clamping: Dynamic clamping describes the situation where the hu-
man is trapped against a rigid object while the robot moves at considerably high
Cartesian velocities and hits the human body part as indicated in Fig. (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 par?d as indicated in Fig. (right).

XR = const.

F;n =0

Fig. 5.21 Reduced clamping model for the industrial robots. CD 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.

5.4.2 Braking Tests

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

26 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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Table 5.3 Inertial key facts of evaluated robots

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

1. Obtain and compare measurements of the braking distances of real robots at typ-
ical velocities.

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®*® at the tip [24]

M. = (Je(q)M(q) " Je(q)") . (5.5)

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 braking distance
is used, obtained for a particular configuration and velocity, to simulate impacts
with clamped humans. In Figure [3.21] the desired model is shown: The robot is
represented by its reflected Cartesian inertia, listed in Tab.[5.3] and moves at constant
velocity (1). 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[Al). All models used for the head
and chest of the human can be found in [36, 29, 4,13, 27].

Table [5.4] compares the braking distance and time of all evaluated robot€?]. It
shows that increasing the robot mass results in very large braking distances up 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.[A.4l Category 1 stops significantly reduce the braking distance.
Furthermore, a comparison concerning idle and stop time (Afsop = Atigle + Atprake)
and idle and stop distance is given in Tab.[5.4] which already suggests the assump-
tion that collisions could become fatal in case of clamping. Detailed plots of these
experiments are given in the Appendix[Al

27 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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Table 5.4 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 characteristics for maximum velocities (shaded red) of KR6 and

5 Crash-Testing in Robotics

KR500.
Robot Atigie[ms] Atgop[ms] Axg[cm] Axigie[cm]
LWR-III (link) 11-23 200 0.55-6.8 0.23-4.8
LWR-II (dummy) 11-23 200 0.254.2 0.23-4.8
LWR-III (motor) 4 250 notdef. not.def.
KR3-SI (Cat.0) 3648 200-300 6.5-34 2.6-9.6
KR6 (Cat.1) 3648 150-200 624 2495
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 e (Cat.1)
KR(,Q,]“;,X (Cat.0)

KR500m (Cat.1)
KR500ma: (Cat.0)

5.4.3 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.

Fig. 5.22 Impact tests with a clamped HIII. The robot hits the dummy in outstretched con-
figuration at various impact velocities (left). Measured Compression Criterion for a clamped
HIII with the LWR-III. All values correlate to very low possible injury by means of the Eu-

roNCAP (right).

CC [mm]

Compression Criterion CC
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5.4.3.1 LWR-III Chest Impact with HIII

In Figure (left) an impact of the LWR-III with an 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 reac-
tion scheme is able to limit the joint torques and prevents the previously mentioned
low-level stop. This is possible™] 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 actual 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 (right)
one can see the resulting Compression Criterion (CC) plots for various impact ve-
locities ||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-III if
the human is clamped because the maximal nominal joint torques are exceeded be-
fore the CC values could become critical. This is true, even if the collision detection
fails.

L2 Fixture

Fig. 5.23 Cracking a coconut with a KR6. An aluminum fixture keeps it centered.

5.4.3.2 Cracking a Coconut

A major drawback of crash-test dummies is that they cannot be used to measure
forces acting on the clamped head. In order to illustrate the threat emanating 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.[5.23] 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

28 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 ].
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Contact force: Coconut 1 Contact force: Coconut 2
4000 B 4000
|
3500 - ‘ B 3500 -
3000 ' ‘ Fracture 1 30001 || Fracture
|
2500 | 2500 M
— | = I
z y z N
% 2000 | Initial peak 1 % 20001 ' Initial peak
Ky [ 53
1500 | M 1 1500 l
1000 h ‘ 10001 “\‘
LI
| i
U\ } ‘\ I
500 ‘Nr“ 1

| \vr'\/\/\/\J\fm

500 L‘ /U

I WWAran—) ||

\) \l

0 L 1 ob— 'V

0 02 04 06 08 1 0 02 04 06 08 1
time ¢[s] time [s]

Fig. 5.24 Cracking a coconut with the KR6. Contact force profiles for two different sample
coconuts.

is Fexe &~ 4 kN, as indicated in Fig.[3.24] 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
reproducibility 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 [13]. 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.

5.4.4 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 colli-
sion detection and reaction strategy for the LWR-III are as described in Chapter[3.3l

29 However, according to [23] a human head would usually slip away for quasi-static loading.
This was observed as well for the coconut, leading to the usage of the aluminum fixture.
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Table 5.5 Conservative impact forces with clamping at 2 m/s obtained for the maxilla and
frontal bone

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

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

5.4.4.1 Facial Impact Forces with Clamping

In Table the clamping forces of the maxilla and frontal bond™] for impacts at
2 m/s for all robot*] in their particular impact configuration are listed. The robot
reacts to the collision by braking with maximum reverse torque and continuing until
contact with the head is lost. The simulations show the vast influence of the rela-
tion 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 assumed 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
[4, 3]. Furthermore, the fracture forces used in [[13] are conservative ones that were
found in the literature. For the LWR-III the resulting maximally allowable veloc-
ity is ~ 1 m/s for maxilla impacts if the stop is performed without brakes. With
brakes this critical velocity could be significantly higher due to the reduced braking
distance, see Appendix[AlFig.[A.2l For the frontal bone even 2 m/s is still a safe ve-

30 Other bones were investigated as well, but their analysis would not contribute additional
insight.

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

32 The relation between motor torque and inertia scales disadvantageously when increasing
dimensions.
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locity in case of the LWR-III. 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 considered
but the deflection as well. For the KR500 a numerical value of 236 mm 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 dramatically lowered, possibly causing
even more severe injury (higher deflections after the fracture will occur and lead to
numerous internal injuries).

Table 5.6 Simulated values for chest severity indices and corresponding AIS values at 2 m/s
obtained for the human chest

Robot CC [mm] VC [m/s] FZ. IN]
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) 0.251 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 1 14282.0(6.0)
KR500 (Cat.1) 245.0(6.0) 0.89| 15491.0(6.0)

5.4.4.2 Chest Impacts with Clamping

In Table the CC, Viscous Criterion (VC), and the clamping force Fg; of the
chest are listed for all robots at 2 m/s impact velocity. The corresponding EuroN-
CAP injury level is indicated for CC and VC. For the CC the AIS level, obtained
by the mappings introduced in [[13], is additionally given in brackets as well. The
contact force Fy, is not part of the EuroNCAP evaluation but the correspondmg AIS
values according to [23] 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 indicated in Sec.[3.4.3.11 The KR6 on the other hand can cause very high
injury level by means of the EuroNCAP classification. The AIS mapping which is
less conservative 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 domi-
nates the criteriorP. 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 continuously
increasing threat with growing robot mass if the human is clamped. CC and Fey

33 This is consistent with the fact that the VC is used for high velocity injuries in automobile
crash-testing.
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appear to be good indicators of injury for the chest in case of clamping due to their
sensitivity in the relevant ranges.
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Fig. 5.25 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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In Figure the full time courses for CC and VC are given. The left column
shows the time evolution of the Viscous Criterion parameterized by impact veloci-
ties up to 4 m/s and the right column the same for the Compression 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 ex-
ceed 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-IIL
However, the resulting methodology of investigation can be applied to any robot as
well.

TCP position

X

Fig. 5.26 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.

5.5 Constrained Contact with Singularity Forces

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

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
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Fig. 5.27 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 ma-
nipulator is shown (left). For better illustration the collision threshold is set to 10 % in this
plot. The evaluation of the Collision Cetection (CD) schemes with a full dynamic simulation
of the LWR-III confirms their benefit (right). This reconfiguration trajectory (see Fig.
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 %.

direction, the corresponding hyper-rectangle corner has to be evaluated. Again, the
Collision Detection (CD) of Chapter [3is used. Its detection threshold Tge for the
external joint torque of the robot is defined as a percentage of the maximum nominal
joint torque Tmax (€.g., 2 %) which directly leads to the detection threshold of the
contact force.

Taet = 0.02Tmax — Fget = 0.02.Fmax = I * Tget (5.6)

JT# is the pseudo-inverse of the transposed manipulator J acobiand. To theoretically
analyze the configuration boundaries which can cause fractions of facial 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 indicator

34 Note, that since the torque T is produced only by a TCP force, any generalized pseu-
doinverse will lead to the same value of F 4.

35 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.
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Fig. 5.28 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” configuration at maximum joint velocity in joint 4 and half this velocity in
joint 2 and 7. The resulting trajectory is a straight line in x-direction. The human is standing
16 mm before the singularity. The collision reaction consists of setting the desired config-
uration to the configuration corresponding to 50 mm before the singularity, 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 cor-
responds to the maxilla which means that it is set to 10> N/m. (@) shows the time course of
the contact force, clearly pointing out that the collision detection prevents an exceedance of
the threshold force of 660 N. () shows the desired trajectory Xp(#), the robot position Xg(7),
the position of the singularity Xg(¢), and the position of the human Xy (¢). (© indicates the
collision detection signal which triggers the reset of Xp(¢) in (.

In Figure [5.27 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
maxill@ is in the order of 10° N/m according to [36, 4, 29]. Thus, the force will
linearly increase with position after contact, as represented in Fig. [5.27] 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 Fi,c = 660 N. The curve Fyax
represents the maximal force that can be exerted by the robot, which goes to infinity
when approaching the singularity. If this curve is above Fi,c and if Fyqc is exceeded

36 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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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
detection with a threshold of 0.17y,x, the maximal forces are lowered, as displayed
by the curve Fy.. 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 conﬁguratio is denoted by (5). This analysis can be carried out with
all facial and cranial bones listed in [13] 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®d.

For the results shown in Fig.[3.27] (right) a feasible collision detection threshold
of 0.02Tmax was assumed. The implemented collision reaction strategy immediately
sets the desired position to a resting position 50 mm before the singularity. In con-
trast to the rigid robot there exists no significant workspace restriction, since even
the last possible impact location (1) that could theoretically lead to the fracture force
Fiac can be handled by the collision detection. The theoretical rigid-case collision
threshold (2) 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 brak-
ing distance, the robot switches its Cartesian velocity direction and comes to a rest
position 50 mm before the singularity. For clarity Fig.[5.28 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. and[5.6.2.4

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

37 With an ideal collision detection and an infinitely fast stopping robot.

38 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 demands.
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5.6 Towards a Crash-Testing Protocol

Together with the first part of this chapter, the experiments in this section provide
a comprehensive set of the relevant robot-human blunt impact situations and their
parameterization in terms of velocity and robot mass, leading to suggestions for
a test procedure in Chapter [T} In the following, a large amount of experimental
results are described that were gained from blunt impacts with a frontal HIII dummy.
Following test scenarios are evaluated:

e 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-III.

— 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 measur-
able with the used dummy type. Furthermore, impact forces are obtained for the
evaluation of facial fractures of the mandible and the frontal bone. Generally, 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 standardized
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 the per-
formance of applications under the safety constraint (e.g. incorporating 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.[5.4] constrained impacts with heavy-duty industrial robots are
very dangerous indeed. Therefore, the (time) optimal performance is achieved if
clamping can be excluded in the particular application. This in turn requires a pre-
cise and careful design of the workstation in order to significantly reduce possibili-
ties 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
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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.

5.6.1 Experimental Setup

In Figure[5.27]the setup for the experiments is shown. Table [5.7] summarizes the in-
strumentation of the different setups, which is similar to the experiments in Sec.
and In addition to the standard ADAC sensors, the available sensors of the
robots are recorded. The reflected inertias during the impacts of the industrial robots
can be obtained from Tab.[5.3

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.

5.6.2 The DLR Crash Report

5.6.2.1 Dynamic Unconstrained Head Impacts

The first series of tests is dynamic unconstrained head impacts. In Figure[5.30/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 accel-
erated, 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

Fig. 5.29 Setup for the impact tests with the LWR-III ((), view from above), the KR6 (),
side view), and the KR500 ((3), side view). Since for the LWR-III dynamic impacts were
already analyzed in [IE], constrained impacts close to a singularity were investigated. Then
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.
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Table 5.7 Measured quantities

Quantity Sampling time [ms]

LWR-III external force Feyy € R! 0.05
joint position q € R’ 1

joint torque 77 € R’ 1

KR6 external force Fey¢ € R! 0.05
joint position q € R® 12

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

HIIT head acceleration apeaq € R3 0.05
neck wrench .# € R® 0.05

chest acceleration acheq € R 0.05

chest deflection dgpest € R! 0.05

Fig. 5.30 High-speed recordings of an unconstrained head impact test with the KR6 and a
Hybrid III dummy at 4.2 m/s

is completed after ~ 100 ms. The following motion of the dummy without having
contact with the robot ends in a secondary 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 [3.8] 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 x-direction very high values
are achieved, which correlate (in the worst-case assumption) to very high injury
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Table 5.8 Head impact experiments with the KR6 and the KR500

Exp. Nr. Robot |ix [m/s] ™ [N]  HIC afeid [g] afe [g]  F [N]  F [N] MFSs [Nm] ME5 [Nm)
11 KR6 02 V118 v1.93
12 07 V783 V171
13 1.0 V1306 V1374
6 13 /1875 V2534
7 13 /1766 V27.42
14 15 2208 V29.02
15 20 V3426 V42,96
8 21 V3976 V4537
9 32 x5006* V67.96
10 42 x5069° 671.98 V98.12
26 KR500| 02 V136 V0.54
32 03 V168 v0.67
27 05  v420 V1.94
28 07 798 V6.64
29 10 V1200 V1119
23 12 /1967 v19.47
30 15 v2219 V2222
24 20 x4020 ! V43,78
31 20 V3043 V30.48
25 3.1 x4965* V66.22
2 41 x4963° /105.06

Table 5.9 Unconstrained hook to the chin with the KR6

Exp. Nr. Robot |5 [m/s] FZ™e [N]  HIC b2 [g] a5 [g] F [N] £ [N] MTS5 [Nm] MBS [Nm]

3ms

KR6 0.9 V55
1.0 v'965

v'18.26

v'22.52

(U NSNS )

1.8 x1871 v'30.07
2.7 x3128 v'44.26
3.6 x4938* v'48.36

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[5.9] 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 accelera-
tion aﬁf:,f' 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 [12]. Concerning fracture
of the mandible it can be stated that the contact force at 1.8 m/s is 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 cra-
nium 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 [4].
In future work biomechanical faces will be investigated as e.g. applied in (48] and
developed in [Izl]].
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Table 5.10 Constrained quasistatic head impacts with the LWR-IIT

Exp. Nr. Robot |Strategy d, [mm] FS2ic [N] FE [N]
L13 LWR-III 0 10 0 V692
L14 0 10 674 V1244
L15 1 10 277 v'540
L16 2 10 0 v'590
L19 0 5 0 V1593
L17 1 5 256 v'505
L18 2 5 0 v6l17

5.6.2.2 Quasistatic Constrained Head Impacts

In Section [3.2] 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 possibly
dangerous blunt contact situation for the LWR-III the clamping close to a singular-
ity was identified, see Sec. Theoretically, a robot is able to exert infinitely 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 the experimental setup for analyzing such a situation is de-
picted. The LWR-III was mounted horizontally and the position of the dummy was
adjusted such that it touched the robot at a certain distance ds from the singularity.
The robot moves from its initial position at maximum joint velocity in joint 4 and
half the velocity in joint 2 and 6, see Fig. 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 resulting
injury, the collision detection and reaction for the LWR-III was tested during this
worst-case for detection sensitivity. Since in z-direction the sensitivity of this algo-
rithm practically goes to zero close to the singularity, it is necessary 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 sensor).
Therefore, only the contact force is left for evaluation. High quasistatic forced can
be achieved for this impact type as shown in Tab. For the experiments L13
and L19 the robot is able to pass the singularity without exceeding its maximum
nominal joint torque@. For dg = 5 mm the robot still moves through the singularity

39 Because the robot approaches a singularity the Cartesian velocity, which defines the impact
velocity is low and therefore the contact has no typical impact characteristics anymore. In
Figure 5.37] the time courses for a chest impact are shown, pointing out the difference
between peak and quasi-static force.

40 Please note that L13 was not using a tension belt, which reduces the effective value of dg
because the seat can give in. For the other experiments a belt was used.
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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 d; =10 mm and by 68 % for
dy =5 mm.

Table 5.11 Unconstrained Chest impact experiments with the KR6 and the KR500

Exp. Nr. Robot g [m/s]  FSRSSU[N] CC [mm] VC [m/s] agl;gst [g] HIC agfgf [g]  Fx [N] M;IB’(‘: [Nm] M)I;:,thC [Nm]
16 KR6 0.2 V215 V041 V1,04
17 0.7 V685 V795 V461
18 1.0 V876 V4.80 V719
19 15 1156 V251 V9.94
20 2.0 ~~~n1528 V3.80 v 14.49
21 42 %3277 V8.99 V37.89
33 KR500 0.2 /185 V038 V145
34 0.7 V551 V1.94 V845
35 1.0 V847 V415 V1237
36 15 1400 V5.10 V15.65
37 2.0 %1939 22.82 V536 V2043
38 4.1 x3962 V3693 V3225

5.6.2.3 Dynamic Unconstrained Chest Impacts

In Table 5.17] 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
ChapterH)) and for 21,37, 38 the tolerance values are clearly exceeded. The tolerable
impact force for the chest is exceeded for 4.2 m/s for the KR6 and already at 2 m/s
for the KR500.

5.6.2.4 Quasistatic Constrained Chest Impacts

In Table 312l the results of the quasistatic constrained impact of the LWR-III with
the HIII chest are shown. The distance to singularity ds varies from 20 mm to
80 mm, producing a maximum chest deflection (CC) of —11.95 mm at dg =75 mm.
At dy = 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 singularity of dy = 75 mm. The corre-
sponding 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

41 Please note this is a force humans can tolerate without suffering injury.
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Table 5.12 Quasistatic constrained chest impacts with the LWR-IIT

Exp. Nr. Robot  [Strategy dy [mm] FStic [N] FP [N CC [mm]
L8 LWR-III 0 20 0 Vv379=342
L9 1 20 180 V3000 —2.34
L10 2 20 0 Vv332) =267
Ll 0 40 - - —6.15
L2 1 40 130 v291) —1.86
L3 2 40 0 V3000 —2.19
LA 0 60 0 859 —922
L11 0 70 0 v995| —11.38
L12 0 75 0 v1043] —11.95
L7 0 80 425 /8241 —7.59
L5 1 80 92 v263| —1.79
L6 2 80 0 v287) —1.99

constrained head impacts, the reactive strategies reduce the contact force and the
CC considerably. Even at the configuration closest to the singularity dg = 20 mm
(meaning lowest detection sensitivity of all measurements) the robot is able to react
effectively.

[LL

Barrier {ﬂ

P
/AW\

Fig. 5.31 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).

5.6.2.5 Partially Constrained Dynamic Head Impacts

Table[3. 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.[5.37l The impact criteria, such as the HIC, have similar
values to the ones obtained for the unconstrained dynamic impacts from Sec.[3.6.2.11
The influence of the barrier mainly results in larger neck forces and torques. Experi-
ment 43 is presumably not comparable as the impact direction contains a significant
lateral component.
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Table 5.13 Partially constrained head impact experiments with the KR500. The barrier
height Ap ranges up to 160 mm.

Exp. Nr. Robot |A5 [mm] sz [m/s] FI™ [N]  HIC afgid [g] a5 [g] K IN]  F. [N] MFSt. [Nm]

max 3ms

39 KR500 80 2.0 V2945 v'37.45
41 120 2.0 V3059 v'29.02
43 160 2.0 v'2795
40 80 4.1 x4950*

42 120 4.1 x4978*
44 160 4.1 x5165*

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.

5.6.3 Case Discussions

Cases 1-4 treat unconstrained head and chest impacts, case 5 partially constrained
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.

5.6.3.1 Case 1: The Saturation of the Head Injury Criterion

As was extrapolated from robot-dummy impacts with the LWR-III and the experi-
ment with the dummy-dummy, a saturation of the Head Injury Criterion at a certain
impact velocity with increasing robot mass is observed. In Figure [5.32] the HIC val-
ues for all tests presented in Sec.[5.2] and the ones shown in Sec.[5.6.2] are depicted
up to an impact velocity of 2 m/s and classified according to the EuroNCAP 101.
First, it is confirmed that the HIII-head imitation device reproduces similar HIC
values to the HIII and thus can be used by other researchers as a tool for simple
experimental HIC evaluation. Furthermore, the mentioned saturation effect is con-
firmed 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 answer points to
the next question: whether the neck stiffness and body inertia are constructed such
that the neck is the weak point. This brings to the next case: The description of the
head-neck-torso complex dynamics during a rigid blunt impact.
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Fig. 5.32 Resulting HIC3¢4 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 Biome-
chanical 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 tests 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.

5.6.3.2 Case 2: Timing Properties of the Head-Neck-Torso Complex during
Fast Head Impacts

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 [5, [12] 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[5.33] the time courses of the head acceleration, the neck force, and the
acceleration of the chest in x-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 between 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 acceleration phase of the torso. One can see in x-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
HIII 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.



5.6 Towards a Crash-Testing Protocol

Head acceleration a

head
x

137

= 0

T -100f 1
g

ER

S 2001 ;

_300 I I I I I I I I I

[ 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Neck shearing force FN¢ck

1500

= 1000
< 500
]
Zy
& 0
500 i i i i i i i i i
0 001 002 003 004 005 006 007 008 009  0f
Chest acceleration achest
5 \ \ \
=) 1
7
£
Ts 51 5

~10 I I I I I I I I I
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

t[s]

Fig. 5.33 The dynamics behind a frontal head impact with the KR500

In contrast to this observation [35] states that the human head is decoupled during
an impact at 3.2 m/s from Tl. Furthermore, [19] 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 HIII.

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.

5.6.3.3 Case 3: Neck Injury during Head Impacts

In the present case the question is discussed whether the head can be accelerated
during an impact powerful enough such that the trunk cannot follow before the neck
forces and torques exceed their corresponding tolerance thresholds. The question
to be answered is: Can the human suffer severe neck injury despite the HIC being
small during an unconstrained impact? With the dummy tests in Sec.[5.2]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 able to further drag the head and
potentially injure the neck anymore. During the short duration of the initial impact

42 The human spine can be divided into the cervical, thoracic, and lumbar spine. T1 is the
first thoracic vertebra.
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Fig. 5.34 The head acceleration a"** and neck force FN°°K in x-direction as well as the neck
flexion moment M. Flg’é 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.

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[3.34lthe head acceleration, the neck force in x-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 increasing impact velocity while the second peak
value increases with impact velocity. 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.

43 Please note 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.
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In general, neck forces tend to be more dangerous the longer they are applied to
the neck (see Chapter [)). Therefore, it is evident that a heavy robot, not affected in
its motion during the impact, increases the injury potential significantly. As shown
in Sec.[3.6.2.1lthe neck forces reach very high injury levels only at maximum veloc-
ity@ (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 im-
pact 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 velocities 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 phys-
ical 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 the HIC and indirect effects on the
neck. A look at frontal unconstrained chest collisions and their characteristics shall
now be taken.

5.6.3.4 Case 4: Chest Injury

In the robotics literature [J5, 150, [12] 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[5.33] 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 dura-
tion 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.[3.6.2.1lit was shown that except for the maximum resulting head accelera-
tion, 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 threshold from very low to low (650)
was observed. While facing low injury for the head impacts (when not considering
the pure maximum acceleration) an aspect that appears surprising is that, according
to the chest impact results, the CC indicates very high injury severity at maximum
velocity for the KR6 and the KR500, see Fig. Apparently, the inertia of the

44 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 ex-
ceedance interval is determined as an upper bound estimate. Instead of determining the
maximum exceedance time the smallest rectangle that fits for the particular index is deter-
mined, its width is chosen as the exceedance time and the respective height as the corre-
sponding value of the injury index. This leads to an upper bound and therefore to a more
restrictive evaluation of neck forces.



140 5 Crash-Testing in Robotics

Compression Criterion CC

— -20f N PR g
g —~——
)
O -sof i
_aol : ---0.2m/sfj
--0.7m/s
1.0 m/s
=50 ---1.5m/sf
- --20m/s
4.1 m/s
60 . . . . . . . . :
0 002 004 006 008 01 012 014 016 018 02

Fig. 5.35 Compression Criterion for chest impacts up to 4.1 m/s with the KR500

dummy trunk delays the motion such that the robot compresses the chest up to po-
tentially 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 excluding
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.

5.6.3.5 Case 5: The Partially Constrained Impact

Figure shows the neck compression force for partially constrained head im-
pacts with varying barrier height 4. The neck force F; increases significantly with
increasing /g up to a neck force of —1296 N at i = 160 mm compared to —670 N
at hp = 80 mm. The second peak also shows dependency on the barrier height. Un-
fortunately, this statement cannot be confirmed as clearly for the neck shearing force
and torque. Furthermore, the generally lower impact criteria compared to the uncon-
strained head impacts are presumably caused by a slightly different location of the
dummy during the partially constrained impacts. Nonetheless, although at the cur-
rent 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 impacts.
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Fig. 5.36 Compression criterion for chest impact up to 4.1 m/s with the KR500

Because the HIII is not able to measure this effect this is left for future 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.

5.6.3.6 Case 6: The Constrained Quasistatic Impact with the LWR-III

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 ﬂ'ﬁ;’fe and stiffness Kpone, 18 for the distance to singularity
to be

bone

dy > e

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 unmodeled
structural compliances would prevent the occurrence of this worst-case scenario.
In Section various constrained head and chest impacts are shown with the
LWR-III driving through the singularity in outstretched configuration and leading to

the observation that the tolerance values of both, head and chest are not exceeded.
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Fig. 5.37 Singularity clamping with the LWR-III and a HIII. The measured CC 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).

In Figure [5.37] (upper), the CC is plotted for varying values of the distance to
singularity dg. There are two factors affecting the maximally reachable force, de-
pending on the contact point d;:

1. If the contact point is too close to the singularity (d; 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 (ds; > 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, a maximal compression of 11.95 mm was reached for
ds; =75 mm. Although an exceedance of the threshold values is not possible for this
impact type, the achievable CC value is more than twice as high compared to the
unconstrained dynamic impacts presented in Sec.[3.2.4]

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 [5.37] (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
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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 Interaction.
The presented facts may lead to recommendations for standardized crash-testing
procedures in robotics. In Chapter [[1] a proposal of impact tests is given, which
are from the author’s perspective necessary for a full safety evaluation of robotic
systems.

5.7 Summary

In this chapter, the first systematic evaluation and classification of possible blunt
injuries during physical Human-Robot Interaction was presented. It was experimen-
tally 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 velocity. Thus, typical severity
indices focusing exclusively on the moment of impact like the Head Injury Crite-
rion or Viscous Criterion do not provide differentiable 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 indicate that the injury to be expected from robot-human im-
pacts is intrinsically very low by means of blunt injury criteria. More specifically,
blunt head impacts 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 facilities. However,
other serious head injuries, such as fractures of facial and cranial bones, can (under
conservative assumptions) occur already at moderate 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 ve-
locity 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 special case is due to the fact
that near its singularities a robot is able to generate extremely large quasi-static
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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 auto-
mobile 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. Furthermore, 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 evaluation
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 recommendations for future robotic
standards compiled in Chapter[11l
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Chapter 6
Sharp and Acute Contact

Up to now, only blunt impacts were addressed in this monograph (see Fig.
(left)), leaving open the question of what can happen if a robot with an attached
sharp tool can impact with a human, see Fig. (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. [6.1) or
preparing some meal to fulfilling duties of a craftsman. Until a robot actually ful-

Fig. 6.1 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.
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fills complex “helper” tasks in domestic environments, using sharp tools, massive
safety investigation remains necessary. An important class of injuries to be analyzed
in this context are soft-tissue injuries of which typical ones are depicted in Fig.
They range from less dangerous injuries as contusions or abrasions to painful lacer-
ations 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 [7] and [] 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 [9] and [4]. In [9] 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 approximated 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 parameterization)
for such complex biomechanical processes are, the monograph addresses this topic
empirically by acquiring real data for injury thresholds. It is 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 contribu-
tions, 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 intro-
duced in Chapter [3 for the LWR-III with soft-tissue and volunteer tests. These
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countermeasures enable drastic reduction of the injury potential 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.

The chapter is organized as follows. In Sec. soft-tissue injuries caused by
sharp tools are described and a simulation use-case is discussed. In Section[6.2] var-
ious 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.

6.1 Soft-Tissue Injury Caused by Sharp Tools

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

Fig. 6.3 Typical soft-tissue injuries which (at least) should be considered in robotics: (D:
Contusion (bruises, crushes, hematoma), 2): Stab/puncture wounds, (3): Abrasion, @): Lac-
eration (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 monograph 2) and (@) are analyzed.
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6.1.1 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, muscles and
inner organs.

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

* 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 future 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 further 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 different
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
[, 3, 10]. Instead, the evaluation of the penetration force F), is proposed which
is in the author’s opinion appropriate to be used in the context of robotics as well.
Tolerable forces depend on the layers of clothing and range according to [3] between

* mean values of Fpl =76 =45 N for uncovered skin
* and sz = 173 N for three layers of typical clothing.

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

. x!l, = 1.24 +0.49 cm for naked skin

* and x} =2.26 £0.61 cm for multilayered clothedll.

! This evaluation was carried out at low velocities, therefore determining the static stab force.
However, in [10] dynamic tests were conducted which produced similar numerical values.
In [8] stab tests with three different knifes led on the other hand to significantly lower
penetration values.
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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. Therefore, following

contact model results. _
£ i
Kii= 4 % tot <t (6.1)
0 Fox > F}

What happens after the knife actually penetrates is still not well investigated, and
needs further treatment and evaluation. First hints given in [10] 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 [2] 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.

6.1.2 The Depth of Vital Organs

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 Sth intercostellar spaces the depth is measur-
able since the heart borders on the thorax wall. Numerical values of dpea = 2.2 cm
to 2.7 cm were measured with a mean of dyear = 2.4 cm.

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

e heart

¢ abdominal aorta

e liver (side)

¢ liver (subcostal)

* kidney (back)
 soft-tissue throat (right)
¢ soft-tissue throat (left)
e subclavia

e milt

2 The measurements had no diagnostic nor therapeutical purpose and did not cause any in-
jury. The subjects were anonymous. The author is grateful to Dr. med. Fahed Haddadin for
carrying out the ultrasonic measurements.
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Fig. 6.4 Ultrasonic scans and measurements of the depth of throat/neck soft-tissue (upper)
and the heart (lower)

51‘ #1817 | |57 q‘lf

2.5 6,3 2,6 3,5 6 1,2 1.2
2,2 6 2,5 3,7 5 1,3 1,3 1,6 3,8
5 6,9 2 2 4 1:2 i 1,5 3
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Fig. 6.5 Ultrasonic depth measurements of different vital organs



6.1 Soft-Tissue Injury Caused by Sharp Tools 155

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[6.4shows 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 mea-
surement for the heart depth, where the heart abuts the diaphragm. In Figurel6.5|the
results of the depth measurements are 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 control,
which quantify the possible benefits from a collision detection and reaction strategy
in an intuitive manner. One important requirement is the maximum braking distance
of a robot.

6.1.3 Braking Distance

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

External contact forces caused by the human dynamic response potentially de-
crease 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, detection sen-
sitivity): fo — 1

2. nominal motion before stopping reaction strategy activates (system latencies):
Hh—0h

3. stopping motion till entire stop of the system (actuator dynamics/saturation):
h —13

Therefore the overall braking distance, which should be smaller than dorgan is

(5] 13
HxslopH = / Xnom dt +/ Xbrakedt < dorgan- (6~2)
1o %)

This limit is a good indicator to qualify the effectiveness of collision detection and
reaction schemes, since it is an absolute limit before life threatening injury occurs if
penetration into the body happens. It inherently defines minimum performance char-
acteristics on actuation dynamics by means of maximum 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.
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Fig. 6.6 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 enclo-
sure 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 preventing a penetration into the silicone duplicate of the human arm. Further-
more, visitors were allowed to get “hands on” experience and a subjective safety feeling was
unanimously experienced.

6.1.4 A Simulation Use-Case with the LWR-II1

Countermeasures against soft-tissue injury can be manifold but a crucial feature has
to be an effective physical collision detection and reaction. If an interaction force is
detected, the differentiation whether the robot is currently fulfilling a desired task
as preparing food or constitutes a potential threat is still to be done. However, this is
a question of higher-level planning and human motion detection involving external
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sensing as e.g. a vision system, see Fig. Therefore, this a separate topic that is
not within the scope of this monograph.

In Figure [6.6l a sample scenario is given with the DLR-LWR-III as a co-worker
collaborating closely with a human. Distinguishing whether the occurring collision
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

/

q7

-

N

44

@

Collisign detection activated

Fig. 6.7 Stabbing simulation with the full dynamic (flexible joint robot) model of the LWR-
IIT 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 ad-
dressed. The robot is mounted on a fixed base. The maximum joint velocity of the robot is
120 9/s and the desired motion is a straight line with reconfiguration from “elbow up” to “el-
bow 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. (I): Initial robot configuration. (2): 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 prevention
will be treated. A simple and reasonable contact model for stabbing is available as
mentioned in Sec. This simulation shows how easy it is to penetrate the human
skin even with a robot moving at moderate speeds. Penetrating 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 [6.7] the simulated trajectory of the robot is depicted. (1) denotes the
initial configuration of the robot. (2) shows the clear penetration without collision
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Fig. 6.8 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. sz 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-III.

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 corre-
sponds to a typical robot configuration. In Figure the results of the simulation
are shown. The effectiveness is apparent even for high Cartesian velocities. The skin
is not penetrated since the robot is able to react sensitive and fast enough to prevent
the human from being hurt. Furthermore, the properties of the collision reaction
strategies become apparent: Since Strategy 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 com-
pensation. 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 described
in the following, giving an insight into the injury mechanisms during contact with
various sharp tools.
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6.2 Experiments

In this section, various experiments are presented which help analyze the injury
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 investigated since during
rigid (unconstrained) collisions presented in Chapter [ the dynamics is so fast that a
realistic robot is not able to reduce the impact characteristics by the collision detec-
tion 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 well that the necessity of countermeasures is not ab-
solutely crucial since rigid free impacts with the LWR-III pose only a limited risk
at typical robot velocities 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
dimensions. The particular worst-case depends on the exact location by means of
underlying potentially injured organs. Because of the much lower dynamics com-
pared to rigid impacts, the requirements on a reactive robot concerning detection and
reaction speed are less stringent and achievable for such situations as exemplified
in Sec. It seems surprising at a first glance that it is not possible to counter-
balance 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 measured with
a JR3 force/torque sensor in the wrist. Please note that this sensor is only used for
measurement and not for collision detection.

6.2.1 Investigated Tools

There exists a countless variety of tools one could analyze. Therefore a represen-
tative selectionf] was carried out, see Fig. [6.91 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.

6.2.2 Silicone Block

As a first experimental contact material a silicone blockd was used in order to help
gain some first hand knowledge for the sensitivity and effectiveness of the collision

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

4 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.

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



160 6 Sharp and Acute Contact

detection and reaction for soft contact, see Fig. (left). Due to its standardized
properties it can be used as a benchmark material, in contrast to some biological tis-
sue. These first tests were conducted at a Cartesian velocity of 0.25 m/s, which is the
recommended velocity according to the new ISO-10218 for collaborative robots [B].
The mounted tool is the kitchen knife. Figure [6.10] (right) shows how effective the
collision detection and reaction can help to reduce contact forces and the penetration
depth. The desired goal configuration 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
activated collision detection and reaction the maximum penetration depth was dra-
matically reduced to < 6 mm at a contact force of 40 N, i.e. a reduction by a factor
of = 5.

Blade
fixture

Mounting

Fig. 6.9 Investigated tools: (I) Scalpel, @) kitchen knife, 3 scissors, (@ steak knife, 5
screwdriver. These tools were selected as a reasonable choice of potentially very danger-
ous 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.

6.2.3 Pig Experiments

In order to obtain results with real biological tissue experiments with a pig leg were
conducted, see Fig. Anatomically, pigs are commonly accepted as being sim-
ilar to human beings. Both impact experiments in automobile crash-testing and in
forensic medicine employ them for first experiments or even for predictions of hu-
man tissue results. Differences to humans and changing tissue properties through
mortex are apparent but still it seems to be of immanent importance to conduct ex-
periments with natural tissue. These investigations can be fundamental to robotic
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Fig. 6.10 Stabbing tests with a kitchen knife mounted on the robot and a silicone block. The
robot moves on a straight line along the z-axis with a target position x; 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.

F/T-Sensor

Vs =

Fig. 6.11 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 significant 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.
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safety since e.g. classical impact experiments with knives in forensic medicine as
described in [B%] did (of course) not take any robot behavior into account which
in turn vastly influences the resulting injury.

Penetration

[ ]
I Elastic deformation

Fig. 6.12 Elastic deformation of the skin before penetration up to x, at a force level of F)
(left). Penetration depth d), into the tissue after exceeding the tolerance force F), (right).

Table 6.1 Results of the stabbing experiments

Xg =0.16 m/s Xg = 0.64 m/s
Exp. Nr. Tool Strategy dp [mm] #, [ms] Fp [N] xp [mm]|Exp. Nr. dp [mm] #, [ms] Fp [N] xp [mm]
Al.l Steak knife |0 full 100 15 14 Al2  full 14 11 10
A2.1 1 none/4 — - - A22 22 14 11 10
A3.1 2 3-5 100 15 14 A32 64 14 11 10
Bl.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
Cl.1 Kitchen knife |0 98 240 76 29 Cl.2 135 55 73 32
C2.1 1 none — — — C22 1 48 60 29
C3.1 2 none - - - C3.2 18 55 76 31
DI.1 Scalpel 0 full 50 5 8 D12 full 15 5 10
D2.1 1 17 50 5 8 D2.2 17 15 5 10
D3.1 2 17 50 5 8 D32 39 15 5 10

6.2.3.1 Stabbing

Table [6.1] and Fig. summarize the outcome of the stabbing tests. The trajec-
tory of the robot was chosen such that it moves on a straight vertical line (compare
also Fig. contacting the skin in normal direction with the tool axis. The inves-
tigated robot velocities were 0.16 m/s and 0.64 m/s. Surprisingly, with the screw-
driver mounted, the robot was not able to penetrate the pig skin at all. For this tool
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Fig. 6.13 Results of stabbing tests with and without collision detection for the pig tests. (D):
screwdriver, (2): steak knife, (3): scissors, (@: kitchen knife, (3): scalpel. The arrows denote

the moment of penetration.
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Table 6.2 Resulting injury for stabbing experiments

Exp. Nr.(Str.) Orl Or2 Or3 Or4 Or5 Or6 Or7 Or8 Or9
steak knife |A1.1(0) 2

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 DI1.1(0)
D1.2(0)
D2.1(1)
D2.2(1)
D3.1(2)
D3.2(2)

the maximum nominal joint torques were always exceeded and a low-level safety
mechanism engaged the brakes of the robot as described in Sec. For the other
tools Tab. gives the measured values for the penetration depth d),, the penetra-
tion time 7, (Which can be interpreted as the available reaction time to prevent skin
penetration), the penetration force F), and finally the elastic deflection before pen-
etration x,, i.e. the deflection of the skin which has to be reached with a particular
tool for penetration, see Fig.

As shown in Tab. without collision detection (Strategy 0) all sharp tools
penetrate into the tissue with their entire blade length, pointing out the lethality po-
tential. 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 millime-
ters. 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.

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. Moreover, 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.
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Apart from the characteristic values of Tab. the force profiles of the stabbing
experiments are depicted in Fig. (D) shows the obtained graphs for the screw-
driver, (2) for the steak knife, 3) for the scissors, (4) for the kitchen knife, and (5) for
the scalpel. The force-time relationship is plotted for all three strategies. Especially
following general aspects become clear when evaluating the plots.

e The moment of penetration is characterized by a significant force discontinuity
(drop).

* A low resistance can be observed from the moment the tool intruded the subcu-
taneous tissue.

* Force reduction by Strategy 2 is significantly slower compared to Strategy 1
(compare as well to Sec. [6.1.4).

* After the initial penetration the contact force increases slowly compared to the
elastic force of the skin.

The influence of the tool mounting (Fig.[6.9) can be observed for Strategy 0, result-
ing in a dramatic increase in force and a compression of the entire subject (the tool
mounting establishes a blunt contact). The different course taken by the scalpel case
(3 can be explained in the following. The low penetration threshold is followed by
an almost constant section which represents the intrusion 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 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.

6.2.3.2 Cutting

The second injury mechanism which is investigated is cutting. The pure cut tra-
jectory with a fixed object can be described by the tool orientation ¢@;, the desired
cut direction ¢, and the cutting velocity, see Fig. If ¢, is chosen then the pig
position is already determined, since the cut shall be carried out with the full avail-
able 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 determined to be 10 . Furthermore,
it became apparent that cutting velocities 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. How-
ever, at ||Xcy|| = 0.8 m/s this changed dramatically. Figure [6.13] (upper row) shows
the large and deep lacerations caused by all tools if no safety feature is activated.
Life-threatening depths can be easily achieved. Please note that the subject is fixed,
presumably leading to higher injuries compared to a non-fixed subject. Apparently,
the blade length can greatly influence the resulting laceration depth. Although a
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Full blade length contact

Subject

Fig. 6.14 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.

Scalpel Kitchen knife

&,

22 mm 101 mm

0 mm . : ¥+ Omm 0 mm

Fig. 6.15 Resulting injury due to cutting. In the upper row the laceration depths caused at
0.8 m/s are indicated. All tools easily penetrated the tissue and cutting depths of up to 101 mm
were 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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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 order 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. (lower row).

Contact force Position Velocity

Fig. 6.16 Time evolution of cutting with and without collision detection

Figure depicts the force, position, and velocity profiles for the cut motion.
The forces are mainly acting in the (*x,"z)-plane. The figure shows measurements
for Strategy 0 and Strategy 1. Again, the effectiveness of detection is observed. At
t =~ 1.08 s the beginning of a zagged behavior can be seen, which corresponds to
the penetration event. The corresponding 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.

3. Collision detection based on joint torque sensing is an effective countermeasure
to completely prevent injuries from cutting even at high velocities.
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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 in a human experiment.

6.2.4 Human Experiments

Since the presented experiments showed really promising results and proved how
reliably one is able to promptly detect and react to collisions, some measure-
ments are shown, where a human holds his arm in free space against the moving
robot with a mounted knife, see Fig. The robot velocity was chosen to be

Force/torque sensor

Kitchen knife

Human arm

No collision With collision

Fig. 6.17 Effectiveness of the collision detection and reaction. The human arm is hit by the
robot at ||Xg|| € {0.1,0.25,0.5,0.75} m/s. The desired trajectory of the robot is a straight line
in vertical direction. (D): Initial robot configuration. (2): The robot moves along its desired
trajectory. (3): Desired goal configuration of the robot. (4): The robot detects the collision
with the human arm and stops before hurting the human.
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Fig. 6.18 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.

[|Xr|| € {0.1,0.25,0.5,0.75} m/s. In Figure[6.18] the measured force during the col-
lision 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 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 ob-
served. 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.

6.3 Summary

In this chapter, the biomechanical basics of soft-tissue injury were introduced. Fur-
thermore, experimental data regarding the depth of vital organs was presented,
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 prerequisite to allow robots the handling of
sharp tools in the presence of humans. In this chapter, 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 evalua-
tion. Various increasingly sharp tools were tested ranging from a screwdriver to a
scalpel and showed the huge benefit of the collision detection and reaction.



170

6 Sharp and Acute Contact

References

(1]
(2]
(3]

(4]

(5]
(6]
(7]
(8]

(9]

[10]

Brinkmann, B., Madea, B. (eds.): Handbuch gerichtliche Medizin. Springer (2004)
(German)

Eisenmenger, W.: Handbuch gerichtliche Medizin - Spitze, scharfe und halbscharfe
Gewalt. Springer (2004) (German)

Fazekas, 1., Kosa, F., Bajnoczky, 1., Jobba, G., Szendrenyi, J.: Mechanische Unter-
suchung der Kraft durchbohrender Einstiche an der menschlichen Haut und verschiede-
nen Kleidungsschichten. Zeitschrift fiir Rechtsmedizin 70, 235-240 (1972) (German)
Haddadin, S., Albu-Schiffer, A., Hirzinger, G.: Safe physical human-robot interaction:
Measurements, analysis & new insights. In: International Symposium on Robotics Re-
search (ISRR 2007), Hiroshima, Japan, pp. 395-408 (2007)

Ikuta, K., Ishii, H., Nokata, M.: Safety evaluation method of design and control for
human-care robots. The Int. J. of Robotics Research 22(5), 281-298 (2003)
1SO10218: Robots for industrial environments - Safety requirements - Part 1: Robot
(2006)

Ulrich, K., Tuttle, T., Donoghue, J., Townsend, W.: Intrinsically safer robots. Tech. rep.,
139 Main Street, Kendall Square (1995), http://www.barrett.com/robot/
von Prittwitz, Gaffron, A.: Bestimmung der Kraft durchbohrender Einstiche am men-
schlichen Thorax mit einem “in situ” - Messverfahren. Ph.D. thesis, University of Hei-
delberg (1974) (German)

Wassink, M., Stramigioli, S.: Towards a novel safety norm for domestic robots. In:
IEEE/RS]J Int. Conf. on Intelligent Robots and Systems (IROS 2007), San Diego, USA
(2007)

Weber, W., Schweitzer, H.: Stichversuche an Leichen mit unterschiedlicher kinetischer
Energie. Beitrige Gerichtliche Medizin 31, 180-184 (1973) (German)


http://www.barrett.com/robot/

Chapter 7
Reactive Pre-collision Strategies

From a control point of view this monograph dealt to a large extent with physical
collisions, their detection and following reaction up to now. Apart from such phys-
ical 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 complex environment structure and at the same
time can react quickly to changing conditions.

Motion generation methods can be divided into path planning algorithms and re-
active motion generation. On the one hand (probabilistic) complete, highly sophisti-
cated offline path planning methods are used, which provide complete collision free
paths for potentially complex scenarios [4] with multi-DoF open or closed chain
kinematics. On the other hand, reactive motion generators, which usually show a
more responsive behavior, are simpler and have short execution cycles. Usually,
these methods associate virtual forces to obstacles that act on virtual dynamics as-
signed to the robot. Both classes mostly treat the entire motion generation prob-
lem from a purely geometric/kinematic point of view. However, with the recent
advances in pHRI it becomes more important to be able to plan complex motions
for task achievement and cope with the proximity of dynamic obstacles under the
absolute premise of safety to the human at the same time. However, under these
constraints both existing approaches have significant drawbacks. Complex motion
planners cannot match the real-time requirements of the low-level control cycle due
to their computational complexity. Reactive methods on the other hand do usually
not provide completeness and are (some more, others less) prone to get stuck in
local minima. Most importantly however, both approaches do not incorporate phys-
ical 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 informa-
tion. 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 optimality and strict collision avoidance at the planning stage do not
have the top priority in highly dynamic environments, since the overall execution
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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 sat-
isfactory 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 unexpected 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. Furthermore, a common severe problem with existing purely re-
active 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 reactive 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 arbi-
trary 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. Important to notice is the fact that both methods treat proxim-
ity 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 [ZTlintroduces the first avoidance al-
gorithm that is based on the trajectory scaling method from Chapter[3l In Section[7.2]
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.

7.1 Reaction Strategy with Task Preservation

As described in Chapter [3] trajectory scaling can be used to provide task consis-
tent 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 continuously slowing down,
stopping, and reverting of the robot motion along its desired trajectory, depending
on the magnitude and direction of the disturbance. The extension of the trajectory
scaling methods to this of sensory input is rather straightforward. Apart from uti-
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lizing 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.

7.1.1 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 = x([p;@ — xg. The vector p denotes
the maximum instantaneous penetration of GO into the hull S, see Fig. [Z1] xs(S)
is the parametric vector description of the surface and xg, (Sy) describes the full
reverse volume of S, which is the orthogonal projection of S by pmax € R™ 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 defined similar to (3.119):

1 Ax!
¥(p) = — <p~ =4 ) (7.1)
+

a \" [lAx,]]

Then, this signal is directly applied to scale the time increment At via (3.120).

Fig. 7.1 Penetration residual based on proximity
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In the example given in Fig[7 Il 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 Sy 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 (Z.I)) and are combined
by

Wies = mln{lfl(p)’ql(f)} (7.2)

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.

7.1.2 Experiment

Figure shows the experimental setup. The robot performs a Cartesian motion
with trajectory scaling being activated for both, contact force and human proximity
to the TCP of the robot. The contact force is obtained by and the human pose
(more specifically the wrist frame) is measured with an Advanced Realtime Track-
ing (ART) passive marker tracking system ]. Figure[Z3depicts the corresponding
measurement. On the left side the translation is depicted for the consecutive goal
configurations x4 | = (—0.450.50.4)" and x5 = (—0.6 —0.20.2)". During the
motion towards the first goal a human pushes against the robot. This causes the

Passive marker tracking system

Drive back

Passive 6DoF marker

Fig. 7.2 Trajectory scaling for virtual residuals that are calculated from the penetration of the
point object “human wrist” and a spherical surface S¢ associated with the robot endeffector
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Fig. 7.3 Trajectory scaling with physical (left) and virtual (left) residuals

residual to decrease (slow down), become zero (stop), and become negative (drive
backwardsﬂ A similar behavior is observed for proximity measurements. If the
residual ||p|| = 0, the scaling factor is f; = 1, i.e. normal interpolation time is active
(see also Fig.[Z.2)). If the human breaches the critical proximity, the robot behaves
according to the scaling with physical residuals. Important to notice is the coordi-
nated behavior in all axes caused by the scaling 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.

7.2 Reaction Strategy without Task Preservation

In order to design a method for task relaxing collision avoidance, the desired be-
havior is first described on an abstract level. Having these requirements makes the
derivation of the proposed method more intuitive. Figure [Z.4] depicts the overall

! This behavior depends on the residual magnitude and was already shown in Chapter B
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) coarse global motion planner
Non-realtime

Hard real-time Nominal real-time motion
Follow desired velocity profile towards goal

Reactive real-time motion

"Force" disturbance: retract behavior|

virtual force

[ Escape from contact forces]
based disturbances
—_—>

[Generate dynamic virtual objects]

Fig. 7.4 Desired behavior of the proposed task relaxing collision reaction

concept. Please note that it is not intended to solve the global motion planning prob-
lem, but to provide an easy to use flexible real-time collision 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 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 behav-
iors 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 various avoid-
ance 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.

7.2.1 Algorithm 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 depicts the
consecutive desired behaviors ((D-(5)), visualizing the design process of the algo-
rithm. In addition, the proposed schemes that were selected to fulfill the require-
ments are given.
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7.2.1.1 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 physical forces
should serve as the input for avoiding collisions or retract from them (1). Therefore,
a decoupled impedance equation is chosen for motion calculation and for the 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 configuration along this predicted trajectory that
matches the associated desired velocity value (3) is chosen. This enables to use only
the geometric properties of the calculated path, having the favorable characteris-
tics of the attractor, while forcing the motion generator to produce the commanded
desired velocities along this path.

@—D

Fig. 7.5 Design steps for the proposed algorithm

Especially during physical contact it is often desirable to slow down the motion,
which is ensured by velocity scaling (#). Finally, the coupling to the goal (the attrac-
tor stiffness) is altered depending on the current state (5). This leads to a temporal
detachment from the goal configuration during (virtual) contact and prevents un-
necessary fighting between attractive and repulsive forces, which typically leads to
bouncing effects.
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7.2.1.2 Attractor Design

Potential Field methods as introduced in [6] are well known for their computational
efficiency and general applicability. As a result, they have become a standard method
in robotics [8]. In the original work a potential field was introduced that consists of
a driving attractor for reaching the target configuration, while the robot is being
deviated form its desired motion by virtual objects that generate repelling virtual
forces. The total force is described by

<9\(Xdaxjiaxo) - Ja(Xd,Xd)+jr(Xd,X0)
= F4(Xq) Zfrk Xd,Xo, ), (7.3)
k

with x4,X},X,, € R" being the position of the virtual particle@, the desired goal
configuration and the closest point of the surface Sy of the k-th repulsive object. .# :
(R"xR"xR") = R", Z,,. % : (R"xR")— R" are the resulting driving, attractive,
and repulsive forces associated with the potential V : (R" x R x R") — R” via

IV (X4,X},X,)

T (X4, X, X0) = — (7.4)

8xd
The overall repulsive force usually consists of the sum of the k repulsive com-
ponents %, : R"xR" — R". The attractive force is expressed by the first order

differential equation
Fa(x3) = Ky (x4 — X)) + DyXy, (7.5)

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, [6]] 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. % instead
of F(x4,X,X,)).

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

Fr=MX;+K, (dex:;)#*Dde, (7.6)

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

2 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 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 Zx € R” that act along the robot structure are used as well
(in combination with an appropriate positive definite diagonal scaling matrix Gex =
diag{Gl,,}, GL > 0). Equation (7.6) becomes

Z,

Ttotal

= Fr+ Gext:-Fext = MyXq + K, (X4 — X:Fj) +D\Xy. (7.7

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 trans-
formed into estimations of external forces as described in Chapter[3l 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 pos-
sible 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 dynamic
environments, producing highly nonlinear and rapidly changing virtual forces to-
gether with basically unpredictable physical forces.

yrlolal = yr+Gexlfext ~ <%\r +Gexljext = f(SRaSRaSi7Si7ta cee ) + Gextfgﬁ.exl
(7.8)

Sk,Sg are the relevant surface representations of the robot and their velocity, re-
spectively. S;,S; are the positions and velocities of static and dynamic environment
objects.

Due to the mentioned induction of highly nonlinear system behavior, forward
simulation of (Z7) needs to be used for achieving a smooth motion with simulta-
neous collision avoidance, utilizing the input of the repelling virtual and physical
force. e € RY 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 (Z.7).
External forces act as a constant bias force during each sample .

Double integration of (Z7) every sample time ¢, leads to the predicted path
mg (1), t € [ty, 1] of the virtual particle:

e
m, =Xy :H My [P — Ko (Xa—X5) —DyXa) dt + %4 (t) di +x4(t).  (7.9)
n

The simplest thing to do is to set z, = 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.

3 This estimation degrades when approaching kinematic singularities due to the Jacobian
becoming singular.
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motion model
external object

mg ;| (r<te)

Fig. 7.6 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 (Z.9) is applied with a forward
Euler integrator for a limited amount of s € N™ steps within a certain predefined time
interval 7, = 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 mg , (¢’ <t )
is predicted every time step, incorporating the dynamic 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/, € Rg . In order to match this desired
velocity i/, the configuration X,(f,11) along the path mg ,, that ensures this velocity
is searched for.

This yields s+ 1 sampling points x,(° 1)+ Xa(t;, ;) with the starting configura-
tion X4 (10, ) =X4(tn), %4(t2, ) = X4(t,) being also the starting configuration of the
robot. The following algorithm interpolates between the bracketing sampling points
for the desired track speed x/, and produces the according ordered configuration
Xord € R”.

i=0;

Vo — 0;

while (v; < i) A (i <s) do
i=i+1;
Vi=viii+ “Xd(fé}ll):;ri(]t:;+]>“;

n+1 n+1
end
if i < s then
‘ Xord = X4 (%’;11) + (Xa’ (th41) —Xa (fi;ll)) =
end
if i > s then

| Xord = Xd(tfprl);

end
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When x; cannot be reached, as the integrator steps were not sufficient, the last
sample point is chosen Xorg = X4(£;, | ). This usually happens when the virtual parti-
cle gets stuck in a local minimum or near the goal position X}; as the goal is asymp-
totically approached, x/, accidentally commanded to jump, or X/, is inappropriately
high. A visual description of the principle is depicted in Figure

In summary, keep the smooth properties and the inherent collision avoidance ca-
pabilities of the generated local path, but the velocity of the robot can be commanded
independently, even arbitrarily. However, the absolute assurance of collision avoid-
ance 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 observed with Model Predictive Control
(MPC) [2, 13]. Nonetheless, there are significant differences. In MPC the discrete
model of the process to be controlled is used to calculate future system states due to
control inputs. This prediction is used to optimally alter the control input for a given
cost function.

[I£r]] ==
” ( Kv :Kd
[If-]] >0

erxtH ::OT *erxl” >0

Fig. 7.7 State depending scaling of the attractor stiffness. The attractor switches its stiffness
K, depending on the virtual or physical contact. State RUN:K,, = K; 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/avoi-
dance 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 coupling with the goal state
K,. Discrete states are defined which the attractor stiffness can occupy, as RUN and
AVOID, see Fig.[L7]l The state GenDo generates virtual obstacles based on the con-
tact force direction and magnitude. Some details of this work are published in [5].

In addition to the designed behavior so far, the attractor is also aimed for being
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 results in a velocity
scaling, the choice of xoq may also be directly affected. The easiest way to achieve
this is to shape x/, 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 Sec. for implementation details).
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Next, the design of the different inputs and parameters of the algorithm are out-
lined as a possible implementation choice.

7.2.2 Implementation

There are numerous ways to implement the described concept. Therefore, more de-
tails on the chosen concrete realization, which performed well during the experi-
ments is given in the following.

7.2.2.1 Repulsive Forces

The particular design of repulsive forces is a choice to be made. In this monograph,
a classical choice of range limited, cosine shaped force profiles is used for all simu-
lations and experiments.

(X0, —Xg) cos(dmdfkan')—kl )
Fr(Xa, X0, ) = kdk 5 Sinax, if di€[0.. . dmax, ], (7.10)

0 else,

with dj = ||Xg — X, || and dnax, being the maximum distance of influence of a repul-
sive element. fiax, is the maximum repelling force of the k-th repulsive element.

7.2.2.2 Velocity Profiles

Since the proposed method allows the use of arbitrary time-based input velocity
profiles &/,(¢), e.g. classical trapezoidal or sinusoidal motion can be realized with
inherent collision avoidance or any other desired profile. However, time-based pro-
files are only of limited use during virtual or physical collisions, 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 .%,, . Here, the following desired velocity profile is
used.

(vd—b')% (1 —cos <7r<f—f>>> +0 ifeg<c

. ifeq>ciNeg<cp
Wy(eg) =1 i ! (7.11)
T -0k (1+cos(n(452) ) ) +8ites > rnea < (1-6)
0 else,

where v, denotes the nominal constant track speed, and ¢, c, € R the acceleration
and deceleration boundaries, respectively. § € Rt < ¢; is a tolerance value for
arrival and ey € [0,1] is defined as
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X  — X;i

eqi= (7.12)

X0 = Xall + lI%a = xg,1I”

where x7 4 denotes a desired goal configuration. e; can be interpreted as a normal-
ized “distance to travel”. This definition is chosen since it possible to change the
goal online without having to re-adapt the boundary values, see Fig. [Z.8] (upper
left). When changing the goal from xj ; to xj , during travel, it is not sufficient to

7”“:() Xd"“H . This is due to the fact that dy < d| + d is only valid while

the first target is chosen but d3 > d4 when switching to the second one, potentially
leading to ey > 1.

only use ¢4 :=

w
Direction dependent velocity scaling 5
=17
0 H i H H H H
0 0.5 1 1.5 2 2.5 3 35
t[s]
1 T T
505 \j
0 i
0 05 15 > 0 0.5 1 1.5 2 25 3 35

Fig. 7.8 Upper left: Relevant configurations for defining the distance to travel e;. The initial
configuration is denoted by xo, the first goal by xj | and the second one by X7, ,. The generated
trajectory is Xq.Upper right: Velocity-scaling factor with respect to L(—F, )Zd). 0° means the
robot is directly approaching the obstacle. Lower left: Direction dependent velocity scaling
depicted in 2D. The left figure shows the position x; 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 x- and y-coordinates (with x
being solid and y dashed) and the velocity scaling factor c,.
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7.2.2.3 Velocity Scaling

During (virtual) contact, the commanded velocity can be additionally shaped, sim-
ilar to the method described in Chapter 3.4.2] for physical contact. Thus, due to
the collision avoidance, the robot could continuously 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 velocity. For this purpose,
the method of trajectory scaling in case of ||.%,|| > 0 is used to slow down the mo-
tion around objects generating these virtual forces. One extension over this pure
scaling of velocities in the presence of a repelling force ||.%;|| > 0 is to scale the
velocity-profile, as a function of the direction of the repelling force .#, and the cur-
rent motion X, see Fig.[Z.8] (upper right). All scaling effects will be grouped in the
scaling factor ¢, € [0, 1], which is directly multiplied with the desired track speed
i/;, leading to the new direction depended input X/} € R with

)=t (7.13)

Virtual Force-Based Velocity Scaling

The angle between the repelling force —.%, and the commanded velocity vector Xorq

is given by % >
—Fr,Xord >
7 [ %orall /°

¢ = arccos < (7.14)

with ¢ € [0, ). (Z14) can then be used to calculate a velocity scaling factor, given
the parameter for the speed-ditch width w € [0...x] and amplitude a € [0, 1]. The
velocity scaling factor ¢, yir € [0...1] is defined as

cos %ﬂ +1 .
Coyin(9) = 1—a(27)1f¢ € [-ww], (7.15)
1 else,

where ¢,yirx € [0...1]. For ensuring a smooth velocity change, a is defined as a
function of ||.%;

)

(17
cos(fmax ﬂ)+1 .
a= A<1_ 2 > lngZ.VHSfmam (716)

A else

with fmax € RT being some force saturation constant and A € [0...1]. ¢,yir (@) is
symmetric: ¢, wir(—@) = ¢, vir (¢). Therefore, the restriction of (Z14) to [0... 7]
does not generate any conflict.
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Physical Force-Based Velocity Scaling

Scaling down the velocity can be useful during physical contact. This is done by
applying a monotonically decreasing scaling function g : R” — R™ for obtaining
the physical scaling factor ¢y ex € [0, 1]

Cyext = g(«g\ext)- (7.17)

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.

7.2.2.4 Fusion

In order to fuse both scaling factors consistently, the more conservative one is used
to ensure safer behavior.

Cy = min(%,virt(d’)aCv,ext(gexty e )) (7.18)

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.

7.2.2.5 Stiffness Adaptation

As described previously, the attractor stiffness enables to change the overall attrac-
tor 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 behavior, as stiffness
adaptation prevents fighting between attractive and repulsive forces.

In the implementation, the information obtained from ey, .%,, and Fy, is utilized
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 e,.

KMEh — max {K™(1 — eg), K™} (7.19)

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 desired, a relaxing behavior
is activated, which enables decoupling of virtual particle and goal configuration.
Figure [/.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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Fig. 7.9 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 commanded pose.

7.2.3 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 xg = (0.05,0.44,0.55)7 m. The robot is com-
manded such that the orientation is kept constant and the goal configuration is at
x = (0.5,0.45,0.35)" m. Figure [Z10 (left) depicts the behavior of the motion

Fig. 7.10 Motion without collision avoidance (left). Motion with collision avoidance (right).
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Fig. 7.12 Desired and generated velocity profile of the attractor without an external object
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Fig. 7.13 Time courses of the generated translational motion with an unknown virtual object
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generator for .%, = 0. The robot is reaching its goal under the constraint of the given
velocity profile, see Fig. (left). Figure [Z10 (right) on the other hand indicates
the behavior while taking the virtual object into account, with Fig. [/.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[Z.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 behavioffi. Figure [Z.11] depicts the generated
motions in (x,y), (y,z), and (x,z) plane.

Fig. 7.14 Resulting avoidance behavior for different start configurations and the same goal
configuration for a full dynamic simulation of an impedance controlled manipulator with the
human moving towards the robot

Figure[7.14shows the simulation result for different starting points and the com-
mon 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 original motion path.

After this full dynamic simulation, the experimental performance of the proposed
method for the LWR-III is analyzed.

7.2.4 Experiments

In this section, experiments to examine the performance of the proposed method in
various situations with static and dynamic obstacles are presented.

4 Please note that for this simulation the more complex scaling of the attractor stiffness de-
scribed in Sec.[Z.2.2.3] was not used. This, however, is applied in Sec. [Z.2.4] for the experi-
mental part.
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Fig. 7.16 Configuration of Billiard balls (left). 2D plot of the collision avoidance experiment
with the Billiard 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.

7.2.4.1 Static Obstacles

Figure illustrates the setup for showcasing the abilities to circumvent various
static obstacles (billiard balls). The objects are manually and arbitrarily arranged
on the table and then identified with an object recognition system [Eh. Their posi-
tions are used to define the artificial repulsive potential fields. In Figure [Z.16] (left)
the scene view from above is shown, where the robot reached its target configura-
tion. Figure [7.16] (right) depicts the commanded motion (solid) and the real path of
the robot (dashed). v; was chosen to be 0.2 m/s. The slight deviation is caused by the
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Fig. 7.17 3D plot of the collision avoidance experiment with the Billiard balls. Please note
this is a 2D experiment visualized in 3D. Therefore is only defined in 2D and the visu-
alized height corresponds to the magnitude of the repulsive elements (which is sinusoidally
shaped).

travel distance in z-direction travel distance in y-direction

Tt 7 ¢

Fig. 7.18 Time courses of the avoidance in x-direction (left) and y-direction (right) as a func-
tion of time. The plot shows the desired trajectory x; and the real motion of the robot x.

use of Cartesian impedance control since no feed-forward compensation was used.
Figure[7.17 denotes the 3D visualization and Figure [Z.18] the timely behavior of the
robot.

7.2.4.2 Dynamic Obstacles

The performance of the method is evaluated for three distinct dynamic situations.
Figure depicts the situation for the first experiment. The DLR 3D Modeler
[9] is mounted on the robot in order to use the integrated laser scanner for acquir-
ing proximity data. In the second experiment an ART tracking system is used for
passively tracking the human wrist pose. In the third scenario the estimated exter-
nal forces provided by 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
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proximity reaching goal

Fig. 7.19 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 in-
formation 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.
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Fig. 7.20 Dynamic collision avoidance with an ART-tracking system

Xd,1
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il ]
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Fig. 7.21 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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Fig. 7.22 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.

human push
Xd,0 P

zm

table collision " x[m]

03 02 - -
o1 o 08
o1 02

y[m]

Fig.7.23 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.

The measurement results of the second experiment are given in Fig. The
robot is commanded to reach the desired goal configuration x;. As soon as the hu-
man holds his arm into the workspace and blocks the initial motion path, the robot
circumvents the hand and reaches the goal. The original desired motion 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 terminates there.

From Fig.[Z.21]and Fig.[Z.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[Z.21l In Figure [Z23] the robot collides with the table after being
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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 control,
the external force estimation, and the collision avoidance work together to recover
from this unexpected rigid contact and how the robot still reaches its goal.

7.3 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 gen-
eration. The method is well suited to serve in between 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 environments, taking into account both proximity to objects,
and external forces. The method allows to command arbitrary velocity profiles to
the robot and provides collision avoidance behavior at the same time. Even during
circumvention of obstacles the track speed can be commanded such that no unex-
pected velocity or acceleration jumps occur.
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Chapter 8
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 interrelationship in
this chapter it is discussed how to integrate the presented methods into a more gen-
eral hybrid state-based control architecture. Even though the focus is on robotic
co-workers, the elaborated schemes are also applicable to service robots. The im-
plementation of such a sensor-based robotic co-worker that brings robots closer to
humans in industrial settings and achieve close cooperation is currently a challeng-
ing goal in robotics. Pioneering examples of intimate collaboration between human
and robot, whose origin can be found in [[10], are Intelligent Assist Devices (IADs),
as the skill assist described in [18]. In 1983 a method was proposed at DLR for
allowing immediate “programming by touch” of a robot through a force/torque-
sensor-ball 8], see Fig. 8.1l (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 answered. 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 tech-
nology is now mature enough to reach this aim. The ideas are supported by ad-
dressing 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 (DLR-3DMo) 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 theoretical basis as
well as requirements regarding task execution and safe interaction are elaborated
which rely mainly on sensor-based reaction strategies. The concept requires flexi-
bility of the system in terms of sensor integration and programming. This flexibility

S. Haddadin: Towards Safe Robots, 195
Springer Tracts in Advanced Robotics 90,
DOI: 10.1007/978-3-642-40308-8 8, © Springer-Verlag Berlin Heidelberg 2014
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is currently not available in the state-of-the-art first generation industrial robots, de-
signed mainly to position objects or tools in six dimensions.

Fig. 8.1 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-3DMo, and a Time-of-Flight Camera (ToF-camera)
(right).

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 con-
trol schemes (“soft-robotics” features) with exteroceptive sensing such as 3D vision
modalities for safely perceiving the environment of the robot. Together with addi-
tional 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 plat-
form, see Fig.[8.1] (right).

Complementary sensor fusiorl] plays a key role in achieving the desired perfor-
mance through the combination of complementary input information. As demon-
strated in [13] a prioritized and sequential use of vision and force sensor based
control leads to robust, fast, and efficient task completion using the appropriate sen-
sor 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 inaccuracies.
The central approach is to use intelligent sensor-based reaction strategies to over-
come the weaknesses of purely model-based techniques. Thus, the sensor 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 transi-
tions are based on the decisions made by using sensor inputs. This enables the robot
to react to “unexpected” events not foreseen by the programmer. These events are

! Please note the difference of complementary from competitive sensor fusion.
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induced by the human behavior, which cannot be completely modeled analytically.
Furthermore, the human is encouraged in the experiments to physically interact with
the robot as a modality of “communication” 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 dif-
ferent from classical industrial robots. 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 information 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 programming concept for various
applications is reached. The associated task description allows for novel switching
strategies between control modes, sensory reaction strategies, and error handling.

This chapter is organized as follows. In Sec. the general functional modes
required for a robotic co-worker are described. Then, the interaction concept is out-
lined in Sec. followed by the elaboration of the task description. Finally, the de-
veloped 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.

8.1 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 counterexam-
plesﬁ, usually not an issue due to the well designed environment. Furthermore,

iP=true oP=true T
T Foy
/ \ 4 -«

(iP=true A iCM=true)V (iP=true A iHF=true)

Fig. 8.2 Proximity and task partition (left) and modalities for multi-sensor Human-Robot
Interaction in the DLR Co-Worker (right)

2 Checking for a successful grasp is e.g. commonly used.
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Human-Robot Interaction is not yet safely and effectively implemented. Its legal
foundations are to a large extent nonexistent at the current stage. In industrial set-
tings a fault immediately leads to a complete stop of the manufacturing process, i.e.
robust behavior in a (semi-)unstructured environment has not been addressed until
now. In this monograph, an integrated and flexible approach is proposed to carry out
the desired task in a robust yet efficient manner. This approach is able to distinguish
between different fault stages, which stop the entire process and lower the efficiency
only in the absolute 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 inten-
tion during task execution for both achieving safe interaction and high productivity.
Thus, the measured human state is the dominant transition between the proposed
functional modes.

Estimating the human state is a broad topic of research and has been addressed
in recent work [9]. The focus is often on estimating the affective state of humans,
which is however of secondary interest during an industrial process. The more rel-
evant information is the physical state that the human currently occupies, and the
estimation of the human attention, so that a clear set of sufficient behaviors can be
selected and activated. This leads to robust and reliable overall performance. In or-
der to keep the discussion focused, attention estimation 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 cover-
age for cases relevant to the present study, see Fig.[8.2] (left).

* oP: out of perception

* iP: in perception

* iCM: in collaborative mode
e 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, depending 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 example, see Fig.[8.2] (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. B3]
it is distinguished between four major functional modes of the robot in a co-worker
scenario:

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
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Fig. 8.3 Functional modes for the DLR Co-Worker

Their interrelationship and transition conditions provide high flexibility in the
application design. In the first functional mode the robot is autonomously fulfilling
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 in-
corporate the “hand-over” schemes as described in Sec.[8.2.2]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 integrated interaction concept, allowing seamless switching between each
other. The fourth mode defines the fault reaction behavior, addressing the appro-
priate 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.

8.2 Interaction Concept

In this section, the developed interaction schemes are described. First, the proposed
task space partition is outlined, followed by the interaction layer. Then, the different
collision avoidance techniques from Chapter[7] as well as physical collision detec-
tion and reaction methods for safe pHRI from Chapter 3] are grouped. Finally, the
resulting safety architecture which structures the different schemes is presented.
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8.2.1 Proximity and Task Partition

In case humans are in close proximity to robots in current industrial installations, 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 location 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.[8.2](Ieft), 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 degrade
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 (indicated 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.[8.2](left)) and the cooperative
mode (and their respective submodes) is required (on the left side of the table in
Fig.[B.2](left)). If perception is lost while iP = true, the robot assumes a severe error
condition, stops and waits for further 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. Fur-
thermore, switching zones are introduced, which are boundary volumina of pre-
defined thickness between task partitions (see Sec. for details).

8.2.2 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 ma-
nipulation” and “hand-over and receive”. “Parallel execution” may be part of a task,
but usually without physical interaction. Some work has been carried out on ex-
changing objects between human and robot based on reaching gestures [3]. In [2]
the concept of interaction history was used to achieve cooperative assembly.
Figure[8.2] (right) shows a “hand-over” and “receive” example with the DLR Co-
Worker. Its central component is the LWR-IIT with soft-robotics features. As a de-
fault 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 online load identification without additional
force sensing in the wrist. Collision detection and reaction, depending on the poten-
tial physical severity of the impact as well as on the current state of the robot and the
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OD = Object detected
OL = Object lost

Fig. 8.4 Example for “hand-over” and “receive”. Underlined states incorporate explicit phys-
ical interaction.

application, are central features used for detecting and isolating contacts of differ-
ent 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.[8.2.3), trajectory generators, collision severity reac-
tion 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 object recognition, tool surveillance, and hu-
man proximity detection (shown in Fig. (right)), interaction processes such as
the aforementioned “hand-over” and “receive” can be achieved, see Fig. [8.4 “Re-
ceiving” or “handing-over” the object is simply triggered by touching the robot at
any location along its structure or by using the proximity information from the ex-
teroceptive sensors.

8.2.3 Absolute Task Preserving Reaction

In this monograph, following control points/structure pairs are used (for detailed
explanations see Chapter g)):
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residual-select

ipol-select

distance to TCP

proximity to switching zone

Fig. 8.5 Residual fusion for integrated trajectory scaling. '¥; is a normalization function and
fsi a sigmoid function for time scaling ﬂ, [é].

R1: Human-scenario proximity

R2: Human-TCP proximity

R3: Human-switching zones proximity
R4: TCP-table proximity

RS5: TCP-hang-in proximity

R6: Elbow-workspace proximity

SNk D=

These proximity pairs were chosen due to their importance to the implementation
presented later. The first three (R1-R3) are used for generating residuals for tra-
jectory 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 dis-
tance of the human to the robot workspace. The distance between human and robot
TCP is important due to the fact that gripper and grasped objects are often charac-
terized by sharp edges. Human-switching zones are boundary surfaces that separate
different task workspaces and the related robot behavior depending on the human
position. Since in the vicinity of the switching surfaces human behavior is not nec-
essarily unambiguously classifiable, it is of large benefit to use this information (R3)
as a possible residual. R4-R6 are chosen for showcasing collision avoidance during
Cartesian impedance control and torque control with gravity 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 desired
task efficiently, despite human presence. In order to accomplish this, it is necessary
to equip the robot with reactive motion generators that take into account the human
proximity and prevent collisions if possible without inefficient task abortion.

Trajectory scaling preserves the original motion path and at the same time
provides compliant behavior by influencing the time generator of the desired tra-
jectory, see Chapter B.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 proximity, the
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human-switching zones proximity, and the human-workspace proximity. The use-
fulness of the approach becomes apparent when considering cases where humans
are moving close to switching zones. If the robot would simply use binary switch-
ing 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 decides his next action. This way, the user receives elabo-
rate 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. for several aforemen-
tioned signals. This concept allows to bring quantities of different physical interpre-
tation 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 suitable residuals accordingly
during application design.

8.2.4 Task Relaxing Reaction

Apart form task preserving reaction as described in the previous subsection, reac-
tive real-time reaction with task relaxation is an important element for dealing with
dynamic environments as well. For this the method introduced in Chapter[7lis used.

8.2.5 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 Tex¢, Which in turn can be used to classify collisions with the environment
according to their “severity level”. This allows to react differently to particular col-
lision severity stages, leading to a collision severity based behavior. Apart from this
nominal contact detection, the developed algorithms are also able to detect mal-
functions of the joint torque sensors, based on model inconsistencies interpreted as
a collision.

8.2.6 Safety Architecture

Apart from gaining insights into the mechanisms behind safe pHRI and isolated
tools, it is critical to determine how to apply the knowledge and methodologies in a
consistent manner. Schemes to utilize these features appropriately were developed

3 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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Emergency Layer 2 — electronics path (E L2)

Emergency Layer 1 — software path (EL1)

Fault Tolerance Layer 2 (FT L2)

Fault Tolerance Layer 1 (FT L1)

Human friendliness layer

Task robustness layer

safety set S;

Local FT

FTL1 FT L2 EL1 ‘

[set safety set S| Llj [set safety set .S, pL% [set safety set .S, ELJ

E Li = Emergency level ¢
FT Li = Fault tolerance level ¢

Fig. 8.7 Safety background of the DLR Co-Worker
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Fig. 8.8 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.

in order to maximize task performance under the constraint of achieving sufficient
human-friendly behavior, see Fig. Each feature is shown at the according hier-
archical level where it is introduced and made available in the respective layer of
the process.

Figure outlines how the fault management and emergency components are
embedded as underlying components for each task. Every task has certain low-
severity-fault tolerant components to make it robust against external disturbances
in general and prevent unnecessary task abortion. Each of them activates their dis-
tinct safety set S; which is compatible with a particular goal, see Fig.[8.9]for details.

Figure[8.8 shows an example of an unexpected collision between a worker and a
human (1), 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 Collision 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. (left))
to prevent physical collisions of the robot and secure the sensitive parts as the ToF-
camera and the 3DMo. Moreover, the human can simply grab the robot anywhere
along the structure and hang it like a tool into a predefined arbitrarily shaped virtual
potential tra;ﬂ (HI) 3), which smoothly drags it in and keeps it trapped. The human

4 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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can then complete his task, (@), while the robot waits (WT) for further action. After
completion is confirmed (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 shows how such behavior is triggered in a hybrid
automaton and displays the safety sets involved in this process.

2

Local FT

S = { human-monitor = on

i .
control-mode = Cart. imp. ctrl.
contact-detection = on
collision-detection = on
trajectory-scaling = on
back-pushing = on
residual-select = [on on on on on]}

collision detected
touch2confirm

severity == L1

FTL1

S = {human-monilor =on
control-mode = Trq. ctrl. & grav. comp.
support behavior = “hang-in”
virtual-wall = on
collision-detection = on
allow-confirm = on

Fig. 8.9 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 trig-
gered, which can be realized by intuitive use of well designed state-dependent control scheme
selection.

8.3 Interactive Bin Picking

In this section, the focus is on describing solutions for an industrially relevant
autonomous task, which combines computer vision techniques with soft-robotics
features. Furthermore, it should be embedded into an interaction scenario with the
human. To demonstrate the performance of the system during autonomous task ex-
ecution, the classical bin picking problem is addressed, which is a classical bench-
mark 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.”

Handbook of Robotics 2008 [12]
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In this monograph, 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. (right) serves as the demonstration platform. It
is 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 de-
pot by the robot, see Fig. 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 assistance of the robot and achieve seamless
cooperation between each other.

8.3.1 Vision Concept

The LWR-III 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.

8.3.1.1 DLR 3D-Modeller

System: The DLR-3DMo is a multi-purpose vision platform [IE], which is equipped
with two digital cameras, a miniaturized rotating laser scanner and two line laser
modules, see Fig. (right). The DLR-3DMo implements three range sensing
techniques:

1. laser-range scanning [B]
2. laser-stripe profiling [@]
3. stereo vision

Fig. 8.10 Generated 3D model from a series of sweep scans over the filled bin
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These techniques are applicable to a number of vision tasks, such as the generation
of photo realistic 3D models, object tracking, collision detection, and autonomous
exploration [[15].

Implementation: The laser-range scanner used for determining obstacles and free
regions, provides range data coupled with a confidence value. The proposed applica-
tion 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 occu-
pation 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, see Fig.
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 profiler is to acquire ac-
curate data for model generation, in contrast to the safety functionality of the laser-
range scanner.

. motion artifacts
/

- distorted shapes

motion artifacts

Fig. 8.11 Amplitude and depth data from view into the bin (left) showing large signal noise
(right)

8.3.1.2 Time-of-Flight Camera

System: The Time-Of-Flight (ToF) camera Swissranger SR 3000, mounted on the
robot, has a resolution of 176 x 144 pixels. An important feature of this device is
the ability to capture Z%D depth images at ~ 25 Hz. Unlike stereo sensors, ToF-
cameras can measure untextured surfaces because the measurement principle does
not depend on corresponding features. Furthermore, due to the active illumination,
ToF-cameras are robust against ambient illumination changes. These properties en-
able the recently established use in the robotics domain for tracking, object de-
tection, pose estimation, and collision avoidance. Nonetheless, the performance of
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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 [§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 system-
inherent. The systematic distance-related error can be corrected by a calibration
step down to 3 mm, see [@].

e N

Tracking architecture Decision

PeR
‘ CER

terminate
seN

reine ﬁ terminate

\ J

[1[

Fig. 8.12 Multi-stage tracking architecture based on [IJ__JI]

Implementation: Generally, the high sampling rate of the ToF-camera guarantees
fast object localization and robust object tracking performance based on a three
staged tracking architecture, see Figure In each stage a different algorithm
processes an incoming depth image to provide a list of pose hypotheses for the
potential object, which is additionally tagged with a confidence value. The stages
are continuously 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 accurate 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 rep-
resented by a point set with corresponding normals. This can be either generated
from CAD models or surface reconstruction. The target object can be localized and
tracked with an accuracy of ~ 7 mm.
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Fig. 8.13 Compliant grasping strategy

8.3.2 Soft-Robotics Control for Grasping

The soft-robotics features of the LWR-III greatly provide powerful tools to realize
such a complex task as bin picking. Cartesian impedance control ] is used as a
key element for robust grasping despite the aforementioned recognition uncertain-
ties. The impedance behavior of the robot is adjusted according to the current situa-
tion in order to achieve maximal robustness. Furthermore, the previously introduced
strategies for fault detection are used to recognize grasp failures or unexpected col-
lisions with the environment based on force estimation. In addition there are virtual
walls preventing collisions with the static environment. The robustness of grasp-
ing against errors in object localization and errors in positioning due to the used
impedance control is of great importance for this application. The grasping strategy
shown in Fig. successfully 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 rotational
stiffness implemented along the axis perpendicular to the image plane grasping can
still be achieved.

8.3.3 Autonomous Task Execution

Figure [8.14] depicts the autonomous bin picking task automaton, which merges the
presented concepts into a high-level task description. The application is comprised
of object recognition, grasping, and sort-in phasesﬁ. If the bin is depleted, the robot
waits for further supply. Fault tolerant behavior is realized by introducing vari-
ous branching possibilities for each state execution. In case of a failure, the robot

5 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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Bin Picking
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Object Rec.
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Go To Grasp
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RT = Reached target

BD = Bin Detected

BE = Bin empty

NF = Nothing found

FO = Found object

OL = Object recognition lost
SI=Sorted in

IG = Impossible grasp

GD = Object grasped

OL = Object lost

Fig. 8.14 Automaton for autonomous bin picking

recovers by monitoring conditions like object recognition dropouts, load losses, or
impossibility of grasps.

8.3.4 Evaluation of Grasping Success

The efficiency and robustness of the approach was tested in a series of autonomous
trials. For this evaluation the bin (Fig. was replenished after each success-
ful 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 grasping, 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 success 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
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to move to a new view position. All of these failure modes where detected or real-
ized by the system and induced a restart of the grasping process. Consequently, the
number of average views to recognize an object was Nyjew = 2.2.

8.3.5 Extension to Interactive Bin-Picking

Figure [8.13] depicts the concept for an interactive bin-picking scenario, merging in-
teraction 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 demonstrator, i.e. it is
assumed that the human has entered the scene, the “way into interaction” is com-
pleted, 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

Fig. 8.15 Interactive bin picking
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is sorted into (SI) one of the trays (7) and the robot goes back to (D). (8) and (9) show
how human-friendly (HF) behavior is an integrated part of the co-worker design
even in the presence of multiple humans. In (8) and (9) the tool surveillance and the
physical contact during task execution are shown, respectively.

In summary, the system described here presents a versatile and robust solution
with standard components for achieving safe and effective human-robot collabora-
tion and a solution for the bin picking problem. Various explicitly non-trained test
subjects were able to intuitively use the system.

Recently, the proposed concepts were integrated into a new human-friendly con-
trol architecture for the LWR-III. Its basic structure is depicted in Fig. 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 generation, and
safety methods. The SCU serves as an underlying safety layer within the RCU that
combines all low-level safety behaviors and activates them consistently. The MCU
manages the correct switching and activation of motion generators and controllers.

I

i

: Control
| Unit
I

I

realtime

Fig. 8.16 Overview of the LWR-III architecture for human-friendly behavior
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This novel concept enabled various applications requiring to a large extent pHRI
as e.g. the first continuously brain controlled robot [[17].

8.4 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 system 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 branch-
ing factor during the execution of the tasks. Based on the results in safe physical
Human-Robot Interaction elaborated in this monograph, 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 compli-
ance control for implementing industrially relevant autonomous tasks. The fusion
of these concepts leads to high fault tolerance, proven by the results of the pre-
sented bin picking application. The use of multi-sensor information enabled to com-
bine the proposed interaction and robust autonomy concepts needed for the robotic
Co-worker.
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Chapter 9
Competitive Robotics

The monograph dealt to a large extent with currently open problems, which are im-
portant 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 [23] 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 con-
cerns for the robots and even more important for the human players, similar to the
questions that were already discussed in the context of 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 happened 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’s robustness and safety. 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 ground

S. Haddadin: Towards Safe Robots, 217
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work for numerous findings about variable stiffness actuation, extensively discussed
in Chapter

The RoboCup 2050 Challenge

Soon after establishing the RoboCup competition in 1997, the RoboCup Federation
proclaimed an ambitious long term goal, see Fig.

“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 (23]

Soccer is a contact sport and injuries of players are frequent [26]. The FIFA rules
state explicitly, that

“Football is a competitive sport and physical contact between players is a normal and
acceptable part of the game. [...]”

Laws of the game, 2006 [10]

A soccer match between humans and robots implies physical Human-Robot In-
teraction 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.”

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 0.1l introduces some preliminaries.
Section [9.2] discusses the safety of humans in the context of human-robot soccer
and analyzes potentially dangerous situations. Section investigates how to pro-
tect robot joints from external loads, leading to the necessity of introducing joint
compliance for protection. This intrinsic compliance is useful for increasing ve-
locity performance with appropriately designed trajectories, which lead to efficient
elastic energy storage and release. The details are discussed in Sec.
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Fig. 9.1 The RoboCup 2050 Challenge

9.1 Preliminaries

In this chapter, it is focused on the benefits of elastic joints for safety and kicking
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 interlinked with 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 anthropometric humanoids as H6, H7 [@], P2 [IE],
ASIMO [ﬁ], JOHNNIE, LOLA [27], WABIAN-2 [34], KHR-2 [22], HRP, HRP-2
], and SAIKA ] represent major achievements over the last years. In these sys-
tems, locomotion 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 run-
ning and has to be continuously injected by active actuation. The same holds for the
robots in the RoboCup domain, where usually no deliberately introduced compli-
ance is used.

However, some realizations already exist, which successfully used intrinsically
compliant joint designs for biped walking. In WL-14 147,481, a sophisticated non-
linear spring mechanism was used for stiffness adjustment. More recently in Lucy
[43], a biped that is able to walk in the sagittal plane, approaches were made to uti-
lize adjustable passive compliance for high energy efficiency during walking. The
robot Flame ] uses constant compliance (Series Elastic Actuation) in the hip,
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knee, and ankle pitch joint. HRP-2LR [[19] is equipped with a compliant toe in both
feet, each having a constant rotational spring. The authors 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 hop-
ping with both feet.

Apart from these first realizations in the field of biped walking, there is clear ev-
idence in biomechanics that intrinsically compliant actuation is critical to terrestrial
locomotion [31]]. So to summarize, running with elastic joints seems to be difficult
but possible and probably of long-term benefit.
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Fig. 9.2 1-DoF model of a VIA joint

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 mus-
culoskeletal 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 arrange-
ment 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
properties 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 character-
istic of an intrinsically variable impedance element between actuator and link, see
Fig The elastic joint torque 7;(¢, 01, 0,) between motor and link is in general
a function of the elastic deflection ¢ = 6 — g as well as of the stiffness and damper
actuation variables o, 0,. This model can be seen as the extension of the flexible
joint model introduced in Chapter[3l A major difference is that the deflection can no
longer be considered as small. Passive deflection may occur in considerable ranges
of the joint space.
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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 Variable Stiffness Joint (DLR VS-Joint), a prototype developed for the new
intrinsically compliant DLR hand-arm system [[11, 1], see Chapter[I0l 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-
IIT is designed as an arm, it has inertial and geometric properties comparable to a

human leg (%e;m ~ 1.2) [7,113]. So it is used as a “model” for the leg of a future

humanoid soccer robot throughout this chapter, while not claiming that the design
is feasible for a leg in general. DLR has recently developed a biped [36] based
on the LWR-III technology. With 130 “/s, its maximum joint velocity is still much
lower than that of a human soccer player at 1375 “/s [33]. Hence in simulations a
hypothetical, faster LWR-III as a model is often considered.

9.2 Safety of the Human

This section is concerned with typical physical interaction in soccer. It mainly cov-
ers fouls in human soccer after a short overview of collisions in robot soccer. These
are classified into different categories and discussed from a pHRI perspective. After-
wards, a simulation and experimental analysis of impacts is presented. In particular
elbow checks as a major injury source are considered.

9.2.1 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 interaction and
fouls are specified together with the resulting consequences [23]. However, the level
of detail is much lower than in the original rules, which even include Additional
Instructions and Guidelines for Referees [10] to distinguish types of physical inter-
action 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 contact (independent
of the involved body parts) or not. In general, physical contact 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 contact.

This indifference between the kinds of contacts becomes obvious when exam-
ining matches in the Humanoid Kid-Size league, especially the 2008 final be-
tween Nimbro and Team Osaka. Within this eventful 3 vs. 3 match, many physical



222 9 Competitive Robotics

interactions occurred. In contrast to the variety of interactions in human 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.

9.2.2 Physical Interaction in Human Soccer

In this subsection, possible physical interaction occurring in soccer are separated
into different classes and their injury potential for the human and the robot is dis-
cussed. A set of scenes from the 2006 FIFA world championship serves as examples.
The final (Italy vs. France) as well as one of the most physicalll matches of the tour-
nament (Portugal vs. the Netherlands) were chosen for the analysis. Table and
Tab. 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 [28], 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. Injury causes were analyzed in [24], 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.

9.2.3 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 foul, but can
be a legal tackle which aims at the ball. Roughly, tripping someone up in soccer can
be divided into three categories:

 Hitting the opponent’s feet intentionally by a sliding tackle (Fig. 0.3k, ; T1,
T2).

* Hitting the opponent’s feet or legs unintentionally while chasing the ball (Fig.
0.3c; T3, T4).

116 yellow cards (including four second cautions) denoted the maximum value of the entire
tournament.

2 To avoid any copyright conflicts, the most significant situations are sketched.
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Table 9.1 Scenes of the FIFA World Cup 2006 for the match Italy vs. France (final)

Scene Time Description Figure
T1 30:37 Costinha skids to Cocu’s feet and overthrows him (yellow card). P3b
T2  72:03 Heitinga runs fast while his leg is thrusted by sliding Deco (yellow card). B3a
T3  86:33 Ooijer trips Petit up. B3¢

T4  94:52 Van Bronckhorst trips Tiago up (yellow card).

11 92:50 Ricado and Kuyt both jump to reach a ball, colliding in the air.

L1  06:52 Bouhlarouz hits Ronaldo’s thigh with his boot while his leg is half-elongated (yellow card).
L2 38:20 Costinha tries to play the ball but hits Ooijer’s shin.

L3 41:50 Robben and Valente both approach a high ball, Valente jumps with elongated leg and hits

Robben’s chest. 0.3a
L4  62:00 Bouhlarouz approaches Figo from the side to gain access to the ball. While running, he

hits Figo with his elbow in the face. B3¢
L5  79:40 Kuijt skids towards Ricardo and hits the goalkeeper’s shank with his boots causing

a minor injury. 0.6la

L6  87:38 Simao steps on the goalkeeper van der Saar.
P1 14:48 Kuyt and Carvalho run leaning against each other in parallel, Kuyt falls.
P2 61:50 Van der Vaart and Figo chase the ball and push against each other. pBdb

Table 9.2 Scenes of the FIFA World Cup 2006 for the match Portugal vs. Netherlands

Scene Time Description Figure
TS5  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. Bdla

13 34:03 Materazzi moves forward, Ribery backward, both collide.

14 65:23 Ribery and Grosso jump, Grosso lands on Ribery’s back.

5 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 EO01:13 Makelele and Gattuso jump. Makelele jumps higher and lands on Gattuso’s back. B4b
18 E04:16 Gattuso rushes into Malouda while approaching the ball.
L7 10:47  Sagnol runs into Grosso, their knees collide (yellow card). 9.3lb

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 EO04:16 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.

» Directly attacking the opponent’s legs (T5) without any chance of playing 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 [28], and indirect ones
from resulting tumble. Soft covering of the robotic leg can decrease this injury po-
tential 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 countermeasure 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 configura-
tions during tackling and therefore protects both human and robot.
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Fig. 9.3 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).
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Fig. 9.4 Trunk impacts: a) Two players run into each other (I2). b) During a header, two
players collide. Afterwards, one of them falls upon his opponent (I7).

9.2.4 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.[0.4h; 12, 13, 18)

* One player body-checking the other player (I5, I8)

* Two players jumping back to back at each other when fighting for a header (Fig.
0.4b; 11, 16, 17)

e One player falling on the other one who is lying on the ground (14, 17)
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This particularly limits the robot’s weight as kinetic energy is an indirect indi-
cator of head injury according to [30, |40]. 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) [...]” [9]. According to [8], 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 [28]. The spinal column and facial bones are very
sensitive parts of the human body, having relatively low fracture forces [29], which
necessitates compliant properties of the robot’s back, see Fig. 0.4b. Nevertheless,
one should keep in mind that headers require 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 choices for the
coating. Further aspects concerning weight and height are discussed in Sec.

9.2.5 Limb Impacts

Dangerous impacts caused by limbs, i.e. colliding legs or arms with the opponent’s
body can be roughly divided into

» Elbow checks (intended or unintended) to the other’s face (Fig.[0.3k; L4, L10)

e A player sliding into or stepping on another player who is on the ground
(Fig.6a; L5, L6)

A leg hitting the opponent’s trunk (Fig.[0.3h; L3)

+ Legs or feet of two players colliding (Fig.[0.3b; 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. 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 separable
from the third injury source, where passive compliance in the joints is crucial to
decouple the impact area from the rest of the robofl. 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

3 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.
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Fig. 9.5 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). c) A player pushes his
elbow into a chasing opponent’s face (L4).

Fig. 9.6 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).

as well: in an outstretched singular configuration, 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.



9.2 Safety of the Human 227

Head Injury Criterion HICs6(dp)
40%
10%
| Human Kick
1 2.5%
/ o 0%
10 15 20 2% 30 a5 40 45 50

Ball velocity & g[m/s]

Fig. 9.7 a) Hitting a Hybrid III 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 (AIS = 3) injury.

9.2.6 Being Hit by the Ball

Being hit by a fast moving soccer ball can be a painful experience. In order to ana-
lyze 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 systenﬂ justified by high-
speed camera recordings, see Fig.[0.7h. Injury severity is expressed by HIC, follow-
ing the extended Prasad/Mertz curved] for the conversion to probability of injury.
In Figure 0.7b, the resulting Head Injury Criterion is plotted against impact veloc-
ity, and the probability of serious injury 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 observations 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.

9.2.7 Secondary Impacts

A situation more unlikely to happen but still worth mentioning are secondary im-
pacts such as the ones during heading duels, where one of the players clashes against

4 Because no adequate damping models are available, this effect is neglected.

5 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
dependency.
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the goalpost. Additionally, a player could be pushed against the boards next to the
fieldd. These secondary impacts are potentially dangerous to both human and robot,
so the robot should have sufficient understanding to avoid such situations if possible.
In order to protect itself from being damaged, padding and compliant joints appear
to be an adequate countermeasure.

9.2.8 Further Aspects

Besides the interactions described in Sec. 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.[9.6b; P1, P2, P6). Light pushes (P4, P5) without any
consequences happen as well as entangling arms in crowded 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 different
positions, having different types of players is beneficial. For example, goalkeepers
seldomly sprint but often dive and fall on the whole body when defending a ball,
whereas field players are posed to sustained loads and duels. According to [28],
injury severity and mechanisms highly depend on the position of the player, point-
ing out that goalkeeper have been shown to have more head, face, neck, and upper
extremity injuries than lower extremity injuries. Another reason to design differ-
ent 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 ob-
served in real world soccer that manipulability of the body is more important than
simple speed and strength. According to [44] the average height of players is differ-
ent between striker (=~ 176 cm), defender (= 185 cm) and goalkeeper (=~ 190 cm),
clearly indicating 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 [44]. 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 out-
lined and how they can be reduced. Under certain circumstances it is even possible
to limit them to lower levels than presumably caused by humans.

9.2.9 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.

% In new soccer arenas, tracks are usually left out so that this is definitely not too unlikely.
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Fig. 9.8 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 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.

Then, it is outlined how decreasing the stiffness results in significantly 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 [18]. For simplicity, the side force criterion that is part of the
EuroNCAP crash test is used. It states that the contact force must be

Foxt < 2.5kN. ©.1)

This criterion will be used with a mass-spring system as a simple model of the
lower abdomen. The spring stiffness of Kapg = 20 kN/m can be estimated from
data published in [6]]. It will be assumed that the impact involves only the torso with
a weight of 34 kg [[7].

A kick with a hypothetical, faster version of the LWR-III at 7.5 m/s is simulated,
which is above any velocity common in Human-Robot Interaction but reasonable
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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 com-
plianﬂ. It is shown how collision detection together with intrinsic joint compliance
significantly reduces the potential injury risk during a robot-human impact.

In Figure the contact force of a typical instep kick into the abdomen is de-
picted 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 [46] 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 results
from an immediate impact of both link and motor inertia acting as one intercon-
nected mass. The force limit of the abdomen is exceeded and therefore 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 im-
pact. This reduces the maximum force and gives a collision detection mechanism
time to react. Due to the low link inertia, the first 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 sec-
ond 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. The robot reacts to the detected impact by brak-
ing 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 decoupling
than for the undamped case. However, the maximum value of the force is attenu-
ated 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.

9.2.10 Analysis of Elbow Checks

According to [3], in professional football 41 % of head injuries result from collisions
with the elbow, arm, or hand of the opponent. In the following simulation, results

7 The problem of impacting in pretensioned state is not part of this analysis.
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Fig. 9.9 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.

point out how dangerous elbow checks generally are. Furthermore, 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 depicts the model. The human head is represented as a mass-spring
system, with a head mass of 4 kg [7], a contact stiffness of Ky = 105 N/m (maxilla,
i.e. upper jaw [12]), and a fracture force of 660 N [2, 29, |9]. 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 [7]. The hand mass is assumed to be rigidly attached
to the lower arm. The contact stiffness K of the robot structure is modeled as the
human elbow stiffness which is Kg = 7 x 10° N/m during quasi-static bending [20].

In [45], 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 6, = 7 was chosen, see
Fig. The maximum human shoulder and elbow torques according to [[14] are

(I 7o ], | T 1) = (80,60) N, 9.2)

These are calculated by analyzing baseball pitches during a throw. In order to
show the improvement adequate covering could have, the influence of covering
thickness and material type on the contact force are analyzed in Fig. The elas-
ticity modulus E,y of the covering was chosen to range up to rather hard rubber and
its thickness increases up to deoy = 0.15 m.

Without any countermeasure the contact force easily exceeds the fracture toler-
ance of the human macxilla, see Fig. 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 feasi-
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Fig. 9.10 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 dcoy > 4 cm should be a different optimal material which is able to provide impact
forces below the fracture tolerance (right).

ble reaction torque is bounded by (9.2). 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 modulus exists, see Fig.
(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 real-
ity, this is not only limited by the maximum available torque (considered by (9.2))
but also by the full motor dynamics and the corresponding non-ideal motor torques
(joint torques in the flexible case). Furthermore, detection delays and system laten-
cies need to be considered which additionally lower the absolute effectiveness of
collision detection.

9.3 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
[38] or even VSA. As mentioned in Chapter 2] various control schemes to realize
compliance by means of active control are described in the literature. However, mo-
tion in sport happens at extreme joint velocities, e.g. 1375 /s for instep-kicking [33]
or even 6900-9800 “/s during a baseball pitch [14]. At such velocities, it seems
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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 3l Since the
torque is much higher than what the motor can generate, this problem cannot be
solved by control but only by mechanical compliance in the joint, which relaxes the
requirements posed by motor and gear box.

Xy XR
K Kp
Fy
—_ B M J\/\/\/_ Mg
e
XH F XR ext XH

Fig. 9.11 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 = 13 kg, M = 4 kg, and Kj € {130,1300,13000} N/m. The ball is
modeled as a mass-spring element with Mp = 0.45 kg, and Kg,; = 43.7 kN/m. B, M were
selected to be the reflected inertias in case of a typical stretched out collision configuration
with the LWR-IIL.

9.3.1 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. It outlines the dramatic decrease
of joint torque during an impact with a soccer ball at xg € {2,4,10} m/s for a vari-
able stiffness joint. In Fig. the impact forces are given, showing that even with
reduced joint stiffness they basically stay the same at different kicking velocitiedH.
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 Fex,
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 [[13]. 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.

8 Please 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.
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Now an experimental evaluation of a new variable stiffness joint prototype [46] is
discussed with the aim of quantifying the achievable gain in joint protection during
kicking a soccer ball.

9.3.2 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 assign one actuator
mainly for positioning and the other one for changing the joint stiffness. However,
most conclusions made in this chapter can be generalized to both types. The pro-
totype used in this chapter is of the second type and its basic concept is visualized
in Fig. In Chapter [I0] the classification and design of intrinsically compliant
joints are discussed in detail. The positioning motor of the DLR VS-Joint is con-
nected 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 kicking
or throwing a ball against the link, it is difficult to reproduce impact position and
velocity. Therefore, instead of kicking the ball, the entire setup is moved along a tra-
jectory and hits the soccer ball at a constant velocity. This was achieved by mount-
ing the setup upside down on the TCP of a KUKA Robocoaster, see Fig. This
robot weighs 2500 kg and can therefore be treated as a velocity source during the
following analysisﬂ. 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 (Tms € R) with a strain
gauge torque sensor at the base of the link lever. Furthermore, the joint motor po-
sition 6 € R and the link lever position g € R are measured by rotational encoders.
The difference between both is the passive joint deflection ¢ := 6 — g. The impact
configuration was an instep kick, see Sec.

The impact tests were carried out at four different impact velocities and with three
parameterizations of the torque-deflection function'J, see Fig. Two stiffness
setups are realized via the passively compliant VS-Joint. The most compliant as well
as the stiffest configuration (¢ = 0 and ¢ = O« ) are chosen. Depending on the joint
deflection, the corresponding stiffness ranges from 0 Nm/rad to 2120 Nm/rad in the

9 The robot is basically a KR500 as the one used in Chapter Bl

10 The joint stiffness Kj(¢@, 0*) = for some stiffness preset 6* is a highly non-linear
function as can be observed in Fig.[9.15]
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Fig. 9.12 Simulation describing the effect of stiffness reduction on impact force and spring
force for a kicking velocity of 2 m/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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Fig. 9.13 Principle of variable stiffness joint mechanics. The circular spline of the Harmonic
Drive gear is supported by the VS-Joint mechanism.
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Fig. 9.14 Test setup for hitting the VS-Joint with a soccer ball. The testbed for the VS-Joint
is mounted upside 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. This allows to investigate the effect of the resting joint
being hit by a ball in a controlled and reproducible environment.
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Fig. 9.15 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 stiff-
ness setups are examined: VS-Joint at low stiffness preset, VS-Joint at high stiftness preset,
and an extremely stiff joint without deliberate elasticity (upper). Peak joint torque during im-
pacts 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 = 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,
Omax can be dependent of o, but in any case, both maximum torque and @max(0) need to
be avoided. For a very stiff joint, the gear torque limit poses an upper bound for the max-
imum impact velocity. At most two trials were carried out for each velocity and stiffness
configuration (lower).

compliant and from 315 Nm/rad to 3150 Nm/rad in the stiffest configuration. In the
third setup, a mechanical shortcut is inserted into the testbed instead of the VS-Joint
mechanism, leading to a rather stiff intrinsic behavior with ~ 30000 Nm/rad. The
numerical value is in the range of the LWR-III elasticity in the first joint which is
~ 20000 Nm/rad.
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Both, increasing impact speed and joint stiffness result in higher peak joint
torques as visualized in Fig. (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. Increasing impact velocity
naturally enlarges the amount of transferred energy. This, in turn, results in increased
joint deflection during the impact, see Fig. (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 stiffness 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.

9.4 Robot Performance Improvement

For future soccer robots, kicking a ball at human speed level is a major requirement
in order to be serious opponents to their human counterparts (Fig. left). This
section discusses, how joint elasticity can be used to close the large gap in joint

Fig. 9.16 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).
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velocity between current robots and human soccer players [33]. 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 [47, 48,
43]. The focus lies on the latter as it allows to considerably increase the link
speed [39, 137,135,113, 46] above motor speed level.

9.4.1 Kicking in 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 (by means of joint torque) 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 [25]. The robots
have to manipulate the ball using their legs. In most cases, a humanoid leg is con-
structed as a sequence of six joints which allow — in addition to kicking — omnidi-
rectional walking patterns. The 2007 world champion, team NimbRo from Freiburg,
Germany [4], 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 maximum velocity
of about 360 /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.

9.4.2 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 [26], the
velocity of the ball can be expressed sufficiently accurately by

ip = i M’ 9.3)

mp +mg
where mf 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 [26] the ratio mmemB 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
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foot), the velocity of the robot’s end needs to be ~ 0.751ip, leading with 16 m/s
< xp <27 m/s for real kicks to

12m/s <xr <20.25m/s. (9.4)

This corresponds to a joint velocity of 414 °/s to 700 °/s, much higher than the
maximal joint velocity of the LWR-III (130 °/s). Due to the smaller reflected iner-
tia of a human foot, humans kick at even higher joint velocities of up to 1375 °/s
for knee extension and with joint torques up to 280 Nm [33]. 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) [[13].
This is confirmed by observations made during robot-dummy impacts presented in
Chapter [3 where the exceedance of maximum nominal joint torques was observed
already at impact velocities of ~ 1 m/s.

9.4.2.1 Kicking with a Heavy-Duty Industrial Robot

In order to show the performance limits of classical actuation by an intuitive exper-
iment, 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 velocity results
in an impact at 3.7 m/s, see Fig. (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 en-
hance kicking performance.

9.4.3 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 chap-
ter, 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. It
allows to significantly increase the link speed as pointed out and partially analyzed
in [39, 35, 113, [37]. In order to show that the proposed increase in kicking perfor-
mance is not only achievable for a particular type of kicking, experiments with five
basic kicking techniques were conducted, see Fig.
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Instep kick Pike kick Lob kick Drop kick Inside edge

| Variant | | Variant 2

Fig. 9.17 Kicking techniques investigated in this monograph. Only the drop kick allows a
foot position below the ball.

9.4.3.1 Kicking Test Setup

In the following, the most common kicking techniques used in soccer are evaluated:
instep, pike, lob, and drop kick as well as inside edge pass. These techniques require
appropriate foot angle setups, see Fig. 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 ¢ for all techniques except for the inside edge pass where it is set to —90 °.
The second axis is rotated by 90 ¢ relative to the first 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 kgm? and slightly
depending on the foot orientation. The height /5 of the ball can be changed to ad-
just 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 §; and of the ball rela-
tive 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 sur-
face of the shoe was sampled by grid points relative to Sy. 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.

9.4.3.2 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. A motor position ramp accelerates the link backwards to increase its
kinetic energy. Then the motor reverts its motion which in turn leads to a transfor-
mation 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 configu-
ration, 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. and Chapter [[0.7] in more depth). As



242 9 Competitive Robotics

[
0.9

7 =K;(9,0)- (60 —q)

Fig. 9.18 Test setup for kicking a ball depicted for an instep kick. The testbed for the DLR
VS-Joint is mounted upside down. The angle ¢, between the foot and the limb (joint lever)
is altered by a hinge. The height of the ball Ap is adjusted by the number of piled cups
underneath and adjusted according to the investigated kicking technique, see Fig. The
normal on the contact point between foot and ball is denoted as nc.

soon as the link starts to catch up with the motor, its velocity increases up to the
motor maximum velocity plus a term correlating to the stored potential energy.

9.4.3.3 Experimental Results

With the VS-Joint prototype it is possible to achieve a maximum link velocity of
G =490 °/s at a motor velocity of @ = 200 /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 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 Fey, the kicking range xiick, and the ball velocity xp 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 sen-
sor signal, and the link position signal. Compared to Fig. the impact force is
smaller. This has two main causes: First, the signal is heavily filtered to obtain the
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Fig. 9.19 A strike out trajectory of the joint motor in combination with an increase of the
stiffness preset are used to gain maximum link velocity

Table 9.3 Results for the different kicks investigated given for the VS-Joint and for the en-
tirely stiff joint

Type Ball Variant ~ # trials @, [°] ¢ [°/s] Xg [m/s]  Fext [N]  xyjck [m] xp [m/s] Agick [m]
Instep kick Football ~Stiff 1 30 228 3.05 144 — — -
Instep kick Football VSA 3 30 498 6.65 343 —359 — 6.6-75 —
Instep kick Football VSA 4 45 490 6.56 387 —473 - 6.0-7.0 —
Instep kick Football VSA 360 490 6.50 503 —591 3.40—3.65 5.7—6.0 —
Pike kick Football Stiff 90 ¢ 1 90 231 3.09 141 0.60 3.0 -
Pike kick Football VSA 90 ¢ 3 90 489 6.20 447 — 503 2.90 —3.50 8.0—10.0 —
Pike kick Football ~Stiff 45 ¢ 1 90 226 3.02 111 1.43 5.0 —
Pike kick Football VSA 45 ° 3 90 489 6.20 548 — 640 3.20—3.40 5.5-7.7 -
Lob kick  Football Stiff 1 90 228 3.04 96 — 1.9 0.65
Lob kick Football VSA 3 90 488 6.00 374 — 390 — 39 0.84
Drop kick Football = Stiff 1 30 229 3.06 172 1.60 — —
Drop kick Football VSA 3 30 475 6.35 354 —483 3.80—4.05 — -
Drop kick Handball VSA 330 477 6.37 389 —419 3.40—-3.70 — —
Drop kick RoboCup VSA 4 30 476 6.36 163 —203 5.90—6.30 — -
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link acceleration and second, the radial force component cannot be calculated from
the torque signal.

For ¢» =30 ¢ and ¢, = 45 ?, it is not meaningful to measure x;cx since the ball
practically does not lift.

Kicking with the pike is mainly varied by the position at which the ball is struck.
In this monograph, only the vertical variation is evaluated, because horizontal vari-
ation causes spin and is left for future work. Two impact positions are investigated,
which were chosen to be perpendicular to the ball surface (90 ¢ contact) and hitting
the ball at an angle of 45 ¢ (45 ¢ contact), see Fig. 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
traveling 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 Robo-
Cup ball, used in the Standard Platform League, were evaluated. Each ball was hit
such that it was contacted at a 45 ¢ 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 soccer 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).

For the inside edge pass, the entire foot was rotated to ¢; = —90 ° and ¢, was set
to 90 °. 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 fastes%] 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 straightforward, 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 re-
markable 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. Although 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 contrast to 85 Nm for the stiff joint.
This shows that performance can be increased along with effective joint protection.

T 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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Fig. 9.20 Comparing the kicking abilities of a 5 year old boy with the DLR VS-Joint proto-
type. Position and velocity of foot and ball were tracked.

9.4.3.4 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. 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 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 kick-
ing 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.

9.4.4 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 standard elastic
joint model [@] 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[I0.7] the entire
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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 (9.5)
() = 2 (0-q) ©6)
q(0) = 4(0) = 6(0) = 6(0) =0, 9.7)

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. Without damping,
a mass-spring system can be excited to arbitrarily large oscillations. 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 7, leading to an optimal control problem. To address
this, the closed solution of (9.3)-(0.7) is considered.

Iy
0(1/) = / u(t)dt 9.8)
0
Iy
alty) = [ u(0)(1 =cos(@(ty 1)), ©9)
with 0 = % It can be verified by taking derivatives of (9.9):

dlty) = uley) (1 —<o5(0)) o [ 7wt sin(o(t; — 1))dr
— 0
0
i(ty) = u(t;) sin(0) + / 7 ut) cos(e(ty — 1))dr
— 0
0
= ’(60—q)

(9.10)

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 ¢(¢/) in the first equation of can
be maximized for every ¢ independently by setting u(r) = umaxsgnsin(o(ty —1t))
leading to the overall maximum

it

maxg(ty) = umax(o/ |sin(w(ty —1))|dt ©.11)
u 0

Cl)l‘f

= umax/ | sin(x)|dx (9.12)
0

= Umax (2n+ 1 — cos(wt; — nr)), (9.13)
with n = LthfJ The last equation is obtained by splitting (9.12) at multiples of 7

according to the sign of sin(x), see Fig. 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
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Fig.9.21 The speedup achievable in time #;. The X-axis indicates the time w—;’ in half-cycles
of the spring-mass eigenfrequency. The Y-axis indicates the achievable joint velocity %’ZEZ")
relative to the motor velocity. The continuous line depicts optimal bang-bang control, the

dashed line shows sinusoidal control.

and forth motion. For wty = 2, i.e. a full cycle or going one time 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
6. To analyze this effects, a rather conservative sinusoidal control is evaluate now.

u(t) = umaxsin(@(ty —1)). (9.14)
i(ty) = umaxw/otf sin(@(ty —1))dr 9.15)
= Umax (%_w> (916)

As Fig. (dashed line) shows, the speedup reduces from 2 and 4 to 5 and &
respectively but is still substantial.

Torque limits have an important effect that can be seen from the energy balance.
A motor with limited velocity and torque can only generate limited power and hence
energy can only be build up ~ ¢y and velocity only ~ ,/Zy. As both control policies
discussed above result in a linear built-up of velocity, they will at some point ex-
ceed the motor’s torque limit. A detailed analysis of this problem is provided in
Chapter[[0.71

When comparing these theoretical results in Fig.[9.21]to the practical ones shown
in Fig. some caution is needed. The experiments there show a back-and-forth
motion, roughly corresponding to % = 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. However, 6 in Fig. is far from being sinu-
soidal, let alone from an ideal step trajectory. To the rough extend, the experiments
correspond to the theory expected from the simple model (9.3)-(©.7).
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Another problem arising from the elasticity can be seen in (O.13) near 7, = 0,
see Fig. The term 1 — cos(wty) 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 stiff-
ness for the VIA case, and the limited motor dynamics. However, for Competitive
Robotics, the obtainable gains far outweigh these problems.

9.5 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 severe than for the rapid case. It can be
further reduced by a collision detection mechanism'd. Even though this has been
shown in Chapter 13 to be already the case for the LWR-III, the next two aspects
necessitate to further increase the decoupling effect. Therefore, the deliberate intro-
duction of strongly elastic elements becomes necessary.

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. Figuratively 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.

12 For this strategy to be effective, singularities must be avoided.
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Stiffness elements can store and release energy. Thereby allowing the robot to in-
crease 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 between 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 a 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 [IQl for further investigation
of the aforementioned three challenges. However, the focus in Chapter is on
physical Human-Robot Interaction and extending the optimal control methodology.
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Chapter 10
Intrinsic Joint Compliance

Human-friendly robots are usually characterized either by active compliance control
or intrinsically compliant behavior. Active compliance control has already reached a
mature stage and recently went to market. Intrinsic compliance 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 val-
idate the VIA concept. DLR is currently developing an integrated hand-arm system
[1,113], which will be fully equipped with variable stiffness actuation, see Fig.[I0.1]

In this chapter, first general design considerations for intrinsically compliant
joints are presented, leading to a new design concept, the Quasi-Antagonistic Joint
(QA-Joint). The approach has an elastically coupled drive unit with variable stiff-
ness achieved via superposition of antagonistic torque/displacement characteris-
tics. Furthermore, velocity gain and joint protection capabilities due to the inherent

Fig. 10.1 The DLR hand-arm system
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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 theoreti-
cal 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 re-
sults from Chapter[0] the theoretical insights are also verified by several simulations
and experiments. It is shown that the discussion in literature in favor of intrinsi-
cally compliant actuation has left out important aspects, which to a certain extent
contradict the paradigm of realizing 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 [I0.1] gives an overview of existing
intrinsically compliant joint designs. Section introduces the design consider-
ations for realizing these novel mechanisms. A novel joint design, its modeling,
identification, and control are given in Sec.[10.3] Section [10.4] provides basic opti-
mal control theory, Sec. the corresponding numerical treatment of optimal con-
trol problems and Sec. gives a more detailed description of the Nelder-Mead
optimization algorithm. All of those previously mentioned sections are necessary to
fully understand Section[I0.7] where the achievable results in velocity increase are
outlined in. Section [[0.8] provides insights into the safety characteristics of intrin-
sically compliant joints. Various simulation and experimental results on the impact
performance and characteristics of the prototypes are presented. Furthermore, the
theoretical background for collision detection with such devices based on the re-
sults 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 con-
cludes with Sec.[10.111

10.1 Intrinsically Compliant Actuation

Since the early 1980’s, different approaches were made to realize compliant joint
coupling. The motivation originated mainly from using inherent elasticity to achieve
stable behavior during hard contact, protecting the joints from impact shock, and
storing elastic energy e.g. for energy efficient motions.

Table 10.1 Classification of intrinsically compliant joint architectures. Distinct stiffness ac-
tuator denotes whether one actuator is exclusively used for stiffness adjustment.

Example SEA [33]  |MIA [27] MACCEPA [37], |McKibben [8] || GATECH [26]| VSA [4], AMASC [22],

| | DLR VS-Joint[38] || |VSA-lI|35] |DLR QA-Joint
Setup Serial Spring |Serial tunable [Symmetric spring, | Antagonistic | Antagonistic | Antagonistic |Quasi-Antagonistic

spring progressive trans. Push-Pull

Stiffness variation Constant Constant Progressive Progressive Progressive  [Progressive | Progressive
Adjustable stiffness No Yes Yes Yes Yes Yes Yes
Stiffness characteristics |No Spring constant | Preload Preload Superposition |Superposition/|Superposition
variation type Double
Distinct stiffness actuator| No Yes Yes No No No Yes
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In an intrinsically compliant joint mechanism the relationship between the elastic
force Fg € R, acting along the generalized displacement coordinate xz € 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 transmis-
sion. A selection of designs, known from literature and falling into this category, is
shown in Tab. [Q.1l 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.

The preload variable branch evolved from constant stiffness towards symmetrically
acting progressive stiffness assemblies as exemplified in Tab.[IQ. 1l The transmission
variable group showcases the development from human-like antagonistic actuation
towards related actuation mechanisms that use superposition of torque/displacement
characteristics for stiffness variation. Simultaneously, they intend to overcome the
drawbacks of equally sized drives for opposing directions. On the one hand, the
number of parts and expected complexity of this line of developments appears to
be larger than for the preload variable type. On the other hand, the superposition of
individual characteristics allows for new ways to influence the overall behavior of
the mechanism.

10.2 Design Considerations

The human has the ability to co-contract his muscles for reacting with appropriate
stiffness response to perturbations and to relax them almost instantaneously to be-
come fully backdriveable. This is especially useful during high-performance tasks
as throwing a ball or evading from external forces to prevent muscle damage due to
overload. To mimic such capabilities, an electromechanical system requires series
elastic coupling with variable impedance and high backdriveability. Current sys-
tems 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 capa-
bilities. In this sense, the following 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 relations of different design aspects.
The most characteristic properties of a robot joint are

* the maximum (stall) joint torque 7 max and
¢ the maximum (transient) joint speed Opax.

In contrast to a stiff robot, additional design aspects have to be considered for in-
trinsically compliant mechanisms:
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» Joint elastic deflection range @nax: possible range of elastic motion within me-
chanical limits

» Joint stiffness range K;: appropriate shape and limits

* Energy storage capacity Ej ,,q4,: 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. [[0.2] (left)) and stiffness-torque
(Fig. (right)) plots are suitable for determining desired properties of a com-
pliant mechanism.

Torque Stiffness

Fig. 10.2 Design space for torque displacement curves (left). Stiffness over torque (right).

In Figure [10.2] (Ieft), 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 7y over passive deflection ¢ can be plotted,
see Fig. Stored potential energy through deflection is visualized as the area be-
low a torque deflection curve. Consider the case of adjustable linear joint stiffness
(dashed lines) with constant maximum deflection @, 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 T max.

* Therefore, the maximum deflection @,y is a function of .

* As a further consequence, the maximum joint torque is a function of ©.

* 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 xg max of phys-
ical springs.

e 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 [[0.2] (right), shows the stiffness
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 variable constant stiffness
(dashed lines), especially in the so called nominal torque range.



10.2 Design Considerations 257

In the following, some essential aspects regarding the above mentioned proper-
ties are addressed.

» Joint torque. It is desirable for an elastic joint mechanism to maintain the torque
capacity for the entire stiffness preset range as steady as possible. Most elas-
tic mechanisms show decreasing torque capacity in stiff operation mode due to
internal spring preload.

* FElastic motion range. Since a robot has a limited range of motion, the maxi-
mum elastic deflection of the joints needs to be considered. The maximum joint
torque required to prevent strike through must always be attainable before the
mechanical limit, either by limiting 0 t0 gmax — @max and/or through active reac-
tion 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 Tj max, when assuming general manipulation tasks un-
der 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 demands. 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 maintain constant stiffness behavior under varying load, easing
manipulation tasks and simplifying control schemes.

e Minimum stiffness. In case of obtaining joint torque information by measuring
deflection, zero joint stiffness is not considered as desirable, because torque in-
formation would be los{]. The same happens with controllability 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 deflection to sustain collisions. A relative col-
lision, leading to ¢, = Omax, Where Opay is the maximum motor velocity, relates
to the worst-case time ?., required to react as

B0,
for = 1oy + T‘“‘”‘, (10.1)

m

where t.,,t.4 are the collision reaction and collision detection time, while B and
T,, are the motor inertia and motor torque. A purely geometric minimum deflec-
tion reserve is obtained as

Pres = tcémax~ (10.2)

! 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 reconsid-
ered. However, the usage of pure inertial “double pendulum” effects for these motions still
needs to be investigated in more detail.
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To be able to utilize most of the joint maximum torque (e.g. 1 —c =95 %),
maximum stiffness has to be limited such that

(o2
/ K(0,¢)d¢ < ¢/ max- (10.3)
0-7§Dres

These conditions determine the relationship between applicable load with safe
speed and stiffness.

* FEnergy storage. The joint elasticity can be used for absorbing kinetic energy of
an impact or during catching heavy objects. It can also be used for additional
acceleration of the link [38,119] by appropriate motion (see Sec.[10.7). However,
the stored energy may also cause unwanted acceleration. This is the case when
losing contact to an object or due to malfunction. 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 displacement
characteristics significantly. However, they cannot all be maximized at the same
time. In Table the influence of selected torque/deflection characteristics is
quantified, comparing rational, low progressive exponential, and quadratic torque
displacement curves.

Table 10.2 Comparison of torque characteristics for different elastic characteristics

Characteristics | % |e‘*’| @?
Constant stiffness | — |+ [+ +
Minimum stiffness |— —| — | +
Maximum stiffness|+ +| + |[— —
Spring Energy — |+ |+ +
Joint protection + [+] -

In the following, the resulting joint design and model of the designed joint pro-
totype is outlined.

10.3 Joint Design, Modeling, Identification, and Control

For the technical realization of the joint it is important to achieve a compact de-
sign and lightweight 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.
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Fig. 10.3 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

Fig. 10.4 Cross section of the Quasi-Antagonistic Joint design

10.3.1 Joint Design

The QA-Joint consists of a link positioning drive with Harmonic Drive gears and
an elastic mechanism with the stiffness actuation drive. The main difference to a
classical antagonistic joint (see Fig. 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 motor (the stiffness drive)
operates stiffness adjustment, see Fig.[I0.3]b. With this arrangement, the adjustment
of position and stiffness is already decoupled to 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 elastic motion, see
Fig.[[0.4] 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
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this cam bar. External loads result in rotational displacement of the entire gear and
force the rocker arms of the supporting direction 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 antagonist part is positioned with a rotational offset with
respect to the stiffness actuator. This makes it possible to change stiffness indepen-
dently 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 characteristic
that stores the maximum potential energy in the linear spring. Thus, the design is
well suited to realize different torque/displacement characteristics with little over-
head. Overall, the superposition of agonist and antagonist action with different off-
sets results in the desired variable stiffness.

Table 10.3 Testbed properties

Property Value

Torque capacity T7,max = 40 Nm
Maximum positioning drive speed |BOpax = 3.8 rad/s
Maximum elastic deflection Pmax =3...15°
Maximum spring energy Epmax=2x2.7]
Stiffness range (77 = 0) 20...750 Nm/rad
Maximum stiffness adjustment time|0.12 s

Mass 1.2 kg

Taking all the aforementioned design considerations into account, the key char-
acteristics of the joint prototype were selected according to Tab.

Next, the layout of the elastic torque characteristics is discussed to complete the
design process.

10.3.2 Torque Characteristics Layout

For the shape of the torque/displacement curve an exponential characteristic is con-
sidered to be well suited, see Tab.[10.2] 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

7 = ae”970) = qb((0-9-0) (10.4)
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Fig. 10.5 Centering elastic joint torque over displacement curves for different stiffness pre-
sets (left). Stiffness values over elastic join torque (right).

where o € R denotes the displacement of the stiffness preset actuator. The corre-

sponding stiffness is K; = %—qu. o is also an upper limit for the elastic deflection ¢
which can be obtained for a given preset.

lp|=1(0—9q)| <o (10.5)

a,b € RT are design coefficients for setting the maximum torque and the elastic joint
characteristic, which are chosen to be @ = 40.0 Nm and b = 15.0 rad~!. Therefore,
the joint torque for the implemented design becomes

7 = 40e13(?0), (10.6)

a denotes the torque at which the stored energy equals the maximum potential
energy of the springs. For the full design of the hand-arm system (see Fig. [1Q.1) it
is planned to use the even less progressive exponential characteristics e!2(9=9) for
each joint in the armfl. 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 for the complete joint model results in a centering
torque

77 = 40(e!3(070) _ 13(=0-0)y, (10.7)

leading to the torque/deflection curves shown in Fig. (left). The corresponding
stiffness adjustment range is shown in Fig. (right). It is visible that changing
T OF Tex (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 nom-
inal torque area, stiffness can be varied from below 100 Nm/rad to more than
550 Nm/rad.

2 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 monograph. The first four joints of the arm are equipped with the so called FSJ
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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Given a current torque 7y and a desired stiffness K 4, one can solve the system
of equations for ¢ and ©.

1 1 (K4
= —tanh~ ! [ =22 10.8
0= 1 n (b) (10.8)
1
6=—-ln— (10.9)

10.3.3 Model of the QA-Joint

The applied dynamics model of the QA-Joint incorporates the full motor dynamics,
the elastic nonlinear joint torque as described in the previous subsection, and the link
side inertia. Furthermore, the friction and gravity torques are taken into account. In
[2] 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.

BO =1,—15 (10.10)
MG =7 —TF — Tg — Text (10.11)

B,M € RT are the motor and link side inertia, respectively. 8,g € R are the motor
and link side position, and T, Tj, Tr, Tg, Text € R the motor, elastic, friction, gravity,
and external torque, respectively. Please note the assumption that the stiffness actu-
ator dynamics has no significant dynamic influence on the joint drive and the link.

In order to justify this assumption of symmetric torque deflection properties
while keeping a desired stiffness value, the following measurements are shown to
depict the compliance of the stiffness motor of the QA-Joint. Figure [[0.6] shows the
elastic properties of the stiffness adjuster during externally 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.

As will be shown in Sec. [[0.3.4] 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 motor is PD position controlled for
the identification phase, while motor torque saturation is taken into account.

max max
Tn=14 Kp(6;—0)+Kp(6;,—0) T < 15 < T1™* (10.12)
TrInnm T < TrInnm

Kp,Kp € R are the control gains, 6; € R is the desired position of the position-
ing motor, 7,7, 7, are the maximum and minimum torque of the motor (7" =

—t") and 1; = Kp(6; — 0) + Kp(6; — 0) € R the desired torque of the motor
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Fig. 10.6 Elastic behavior of the stiffness adjustment motor for different stiffness presets
under loading conditions

controller. The structure of the nonlinear system is depicted in Fig.[I0.7] Please note
that the friction torque is modeled as pure nonlinear, parametric Coulomb friction,
depending on sgn(¢).

Motor model

PD position control

|

6,

Fig. 10.7 Block diagram of the QA-Joint
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10.3.4 Joint Identification

In order to generate the data for identifying the real elastic behavior and friction,
the link is mechanically fixed (Fig. (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 8,0,¢q, and a
link side joint torque sensor. The resulting measurements, together with the ideal
model of the joint are given in Fig. (right) and Fig. for cyclic rectangular
motions with 6; € {30,60,90} °/s. The real behavior is characterized by a hystere-
sis and significant deviation from the ideal ond].

@ [rad]

Fig. 10.8 QA-Joint with clamped link (left). Experimental friction torque over elastic deflec-
tion compared with the model friction (right).

The real torque characteristics 7;(0,q) € R are estimated from the measure-
ments. They are assumed to be the center lines of the hysteresis and are calculated as
the arithmetic mean of the measured hysteresis. For the identification the following
model is used, leaving the coefficients of the exponential function ag,bs € R™ free
for optimization.

£ = agel15(0-0)) _ g, (15(-0-0) (10.13)

The compliance of the stiffness adjuster is directly taken into consideration by
calculating ¢, since its position is directly influencing this calculation. The parame-
ter estimation of ag, bs is realized with least square error optimization.

3 Please note that for all experiments except the control performance in Sec. [[0.9.3] simple
motor side PD control is used in order to fully exploit the intrinsic elastic capabilities of the
joint.
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y— ME :M{“S} | (10.14)
bg

where M € RV*? is the data matrix consisting of the exponential parts, y € RV*!
the measurement vector containing joint torques, and & € R?>*! the parameter vec-
tor. The calculated center line is denoted as Tpean. Obtaining p is performed by
calculating the pseudoinverse of the observation matrix.

E=M"M)"'MTy (10.15)

Table 10.4 Identified compliance ag, bs and friction coefficients ar,br

o |as [Nm]|bs [Nm]||lar [Nm]|br [Nm]
39 126.2760(26.2221 || 2.5172 | 3.8480
59 126.6049127.1703 || 2.6125 | 3.2755
7° 26.8106(27.8989 || 2.9776 | 3.1582
99 (26.4714(28.4042 | 2.3106 | 3.0784
119126.3446|28.6174 || 2.8776 | 3.3393
139(26.0417(29.1079 || 2.4160 | 3.3339
159122.7286130.1821 || 3.3058 | 3.3004

The results of this calculation are given in Tab.[10.4] (first two columns). The real
stiffness coefficients vary up to ~ 35 % from the theoretical values. The asymme-
try of the real values, which grows with increasing stiffness, can be explained by
the slightly elastic behavior of the stiffness adjuster. Furthermore, the real friction
torque Tr depends on ¢ and ¢. No relationship between velocity and friction could
be observed, so viscous effects are neglected as already mentioned in Sec.[10.3.3
see Fig.[10.71

Figure[T0.8] depicts the friction torque for different values of o. The results indi-
cate an exponential relation between ¢ and 7r. A closer look shows a linear relation
between 77 and Tr. Therefore, is seems reasonable to model the friction 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 internal tension of the joint,
increasing with growing o. This leads to the following friction model.

() :aFe(15((P*0))_~_bFe(15(*<P*G)) (10.16)

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, except for
the different sign for bp. The obtained coefficients are given in Tab. [10.4] and a
comparison of the measured and expanded model is shown in Fig.

Next, the control scheme for providing active vibration damping of the intrinsi-
cally poorly damped joint design is outlined.
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Fig. 10.9 Comparison of the measured and expanded simulated model

10.3.5 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 [2] is utilized for motion control with active vibration 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.

M .
QA-Joint
b T
0 0 Fo¥
d o d State- 0
44 > P eedback » B
—> A »1 controler
setpoint
K computation ~ TFXU*
d (o o~ gy, (o2
—> > » PD > B,
model based torque and |<+—
. - | Stiffness estimation g
7,7, K <

Fig. 10.10 Block diagram of the setpoint computation, control loop, dynamics model, and
model-based torque and stiffness computation of the QA-Joint

Figure [10.10f 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
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T = T s/ + kO + kpb + kr ity + ks, (10.17)

where kp,kp,kr, ks are gains depending on B, M, K}, and the gravity potential ag—(‘f).
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

Toff = BOq+Mia+g(qa) (10.18)
T = Bga+2(qa). (10.19)

In order to provide theoretical background for the upcoming section, an overview of
basic optimal control theory is given in the following.

10.4 Basic Optimal Control Theory

Some theoretical foundations of optimal control are summarized here that are be-
ing used in the following sections. The description is kept concise in order to only
provide the relevant knowledge to understand the approach taken in this monograph.

10.4.1 Optimal Control of Dynamic Systems

Optimal control aims at finding a control input u for a dynamic system, which maxi-
mizes/minimizes an appropriately designed cost function within a certain time inter-
val t € [0,1], often the initial and final state of the system are giverﬂ The criterion
can be a functional of the system state x(¢), the control input u(z), and time ¢. u(t)
and x(¢) can be bounded. In the following, systems are assumed, which state space
equations do not explicitly dependent on the time. Their mathematical description
is a system of differential equations of first order.

x(t) = f(x(2),u(r),?) (10.20)

A general optimality criterion is to be chosen such that the timely evolution of x()
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 func-
tion h and the timely evolution of the state and control input with integrating the
function g.

J = h(x(t7),5) + Otf g(x(t),u(r),r) dt (10.21)

4 In general, the theory permits also free final times.
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The optimization consists of maximizing/minimizing J under the constraint of
the state equations. This is a typical problem from Calculus Of Variations. For the
optimization of dynamic systems the Hamiltonian method is a well known scheme.
This formalism transforms a constrained optimization problem of the state equations
into a problem without constraints. This is carried out by introducing Lagrange mul-
tipliers [36]. The cost function is extended and becomes

J=nh(x(tf),tr) + Otf g(x(2),u(t),r) + AT f(x(¢),u(r),1) dr. (10.22)

The Hamiltonian is defined as follows.

H(x(t),A1),u(t),r) = g(x(1),u(t),) + AT f(x(¢),u(t),1) (10.23)

The partial derivatives of the Hamiltonian with regards to the state and the co-
states define a canonical system of differential equations.

i

x=—= (10.24)

A= _9H (10.25)
Jx

Thus, a canonical system of Hamiltonian differential equations of order 2n is
created for a dynamic n-order system, if no further constraints are taken into consid-
eration. The boundary values of the adjoint equations are obtained from the transver-
sality condition for the final state.

Ih(x(tr))
———=—Aty)=0 10.26
I (77) (10.26)

For general problems the minimization of the partial derivative of the Hamilto-
nian with respect to the control input (optimality or stationary condition)

8_H =0 (10.27)
Jdu

yields an optimal control trajectory. With these control equations, which in gen-
eral depend on the states and co-states, the canonical system of differential equations
can be solved.

Finally, the Legendre-Clebsch condition, also known as convexity of the Hamil-
tonian, gives the confirmation of a local maximum of the optimality condition.

2
(gTI;I <0 (10.28)
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10.4.2 Singular Control Problems

A distinctive feature of the problem that is investigated in this monograph 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(z)
and the second one is linear in u(z).

H(X(1), A1), u(),) = Hy(x(1),A(),0) + HY (x(), A(0),0u - (10.29)
For this case (I0.28) does not lead any optimal control trajectory since ‘?;T’;] is
not a function of u. This is a so called singular control problem [30, |5]. However,

by introducing a bounded control input, the maximum principle of Pontryagin, in-
troduced in 1956, yields an optimal control trajectory.

10.4.3 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 [23].

H(x(t),A(t),u(t),))<H(x(t),A(t),u*(¢),7) (10.30)

The stationary condition (I0.27) has to be replaced by (10.30). The Pontryagin max-
imum 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 [32].

For singular control problems of the form the maximum principle leads
to bang-bang control, for which the control input u is assumed to be bounded.

Ui min < Ui < Uj max (10.31)

Now, the maximization of the Hamiltonian only depends on the sign of H;, which
is labeled switching function. A maximum is given for positive switching function
associated with maximum control input and negative switching function with small-
est control input. For H, = 0 singular control inputs are obtained. Since the control
input is bounded, the maximum principle is satisfied with following switching law
[23].

Ui max Hi,2 >0
ui (t) = Uimin, Hiz <0 (10.32)
sing., Hi» =0
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10.4.4 Bounded State Variables

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 boundary control,
boundary contact points, or singular control inputs. In the following, state and con-
trol bounds are defined as follows.

§:=g(x(r),u(r),r) <0 (10.33)
The order of state bounds is defined as the g-th derivative of S

d1S  dig(x(r),u(r),r)
sla).— 22 _Z 0V 10.34
drd drd - ( )
that explicitly contains the control input u first. For the given optimization prob-
lem the compliance of bounds is necessary. This may lead to contact points, which
can only occur for 2nd,4th,6th etc. order state bounds [7]. The state bounds are
coupled to the Hamiltonian via a second set of Lagrange multipliers .

A(x, A, 1,u,t) = —g(x(t),u(t),0) + AT £(x(1),u(2),1)
+uS9D(x(t),u(t),1) (10.35)

Equation (10.33) denotes the augmented Hamiltonian [5]. For i following condition
holds.

(10.36)

=0,5<0
>0,5=0

The second set of Lagrange multipliers is zero if (10.34) is fulfilled and larger
zero if the bound is active. The derivation of the canonical system of differential
equations from leads to jumps in the adjoint equations. According to [5]
following conditions hold for occurring contact points.

950)

170;)::AT0;)f;mﬁ;;- (10.37)
N B das©
H(b) = H(t, )+ to—— (10.38)

For contact points, which show extremal behavior at contact time #;,, the tangency
condition
N M (X7 tb)

NI~ (x, 1) = ; =0 (10.39)

S(q7]>(xvtb)
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has to be fulfilled. For the problem with g —1 =1

N (x,1) = BEO;EEZZH - m (10.40)

is obtained. After the discussion of the effects of state constraints on the optimal
solution, a short introduction to solving nonlinear optimal control problems without
state constraints is given. This generally leads to two-point Boundary Value Prob-
lems (BVP), which can only be solved analytically in simple cases [30]. 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 shooting
methods.

10.5 Shooting Methods for Solving MPBVPs

In this section, two of the main methods for solving Multi-Point Boundary-Value
Problems (MPBVP) are discussed: single-shooting and multiple-shooting
methods.

10.5.1 Single-Shooting

According to [21]] MPBVPs can be formulated as follows.

x = f(x(¢),u(t),t) withr e [0,1/] (10.41)
8(x(0),x(17)) =0 (10.42)

r(s;x(t;s)

Fig. 10.11 Single-shooting method
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The state equations (I0.41) have to be solved while fulfilling the constraints
({10.4D). 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 esti-
mated parameter vector so € R”, which is called shot parameter contains the ini-
tial 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 by numerical integration forward in time. The solution usually deviates
from the exact solution, producing an accordingly designed residual r that vanishes
for the exact solution, see Fig. [[0.11] The residuum is formulated as a functional
relationship between s and the solution for final time x(z/).

F(s) =r(s,x(t7,s)) =0 (10.43)

Now, the problem is reduced to finding the root of r, which can be solved with
a (modified) Newton or bisection method [21]]. After each iteration, the initial value
problem is solved with new initial values and the residuum is calculated and ana-
lyzed. For nonlinear differential equations there exists usually no unique solution
of the MPBVP. 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.

10.5.2 Multiple-Shooting

In [6] 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 considered time interval
into N partial ones.

o<t < <..<ity-1<lIf (10.44)

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.[10.12]
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 de-
scribed in [7] other optimization techniques as collocation or homotopy 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.
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Fig. 10.12 General idea of the multiple-shooting approach

Analogous to the single-shooting method the solution is obtained via a root-
finding problem, which can be approximated with one of the already mentioned
iterative methods.

A powerful implementation of the multiple-shooting method is the program
packet BNDSCO [29]. The sourcecode written in FORTRANT77 is freely available
and was used in this monograph 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 optimization
problem, see later. 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 described next.

10.6 The Nelder-Mead Simplex-Downhill Algorithm

The Nelder-Mead Simplex-Downhill algorithm is due to its high robustness a widely
spread optimization algorithm for solving multi-dimensional nonlinear and un-
bounded optimization problems. It does not use gradients and is classified as a direct
search algorithm [24]. It seeks for a local minimum of a scalar quality function J,
which can depend on several parameters p.

min{J(p)} (10.45)

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.
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P P,

a) reflection b) expansion ¢) contraction d) reduction

Fig. 10.13 The four simplex mappings of the Simplex-Downhill algorithm

The algorithm consists of following steps, iteratively applied until a convergence
criterion is satisfied:

1. Calculate the center of the best n points of the simplex as the averaged mean

z= %an (10.46)

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 qual-
ity 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 calculated. In
case this leads to an increase in quality, the contracted point is kept and the orig-
inally mirrored one is depleted.

5. If none of the operations depicted in Fig.[10.6](a.-c.) leads to an increase in qual-
ity, the simplex is reduced in size while keeping the point with the best quality
result (Fig.[10.6d.) and the algorithm is repeated.

The convergence rate of the method is comparably slower to gradient-based tech-
niques. More detailed discussions are given in [24].

A possibility to use the Simplex-Downhill method for optimization problems
with bounds is to extend the quality function with a penalty term

mpin {J(p) —I—Jpen}, (10.47)

increasing the cost if boundaries are violated. This reduces a bounded problem to
an unbounded one.
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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 eigenvibrations of the system, which would otherwise
be damped out.

10.7 Performance Increase through Joint Compliance

In this section, the theory to maximize the link side velocity of a variable impedance
joint is developed and the results are experimentally verified. For solving this prob-
lem, the aforementioned 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[10.3]
depicts the consecutive steps made and points out whether analytical or numerical
solutions were obtained. First, the constant stiffness case (case A) is solved with dif-
ferent motor models (case B+C+D). Then, the presence of bounds on the state vari-
ables (case A’+E) is incorporated, the influence of adjusting the stiffness (case F+G)
is analyzed, and finally experimental results on the DLR QA-Joint (case H) are dis-
cussed. Each step contributes particular insights, 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. There-
fore, damping is not considered, i.e. D; = 0. Furthermore, K; = o} 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[9]

Table 10.5 Analyzed models (SEA= Series Elastic Actuation, JTF = joint torque feedback,
CD = constrained deflection, VS = variable stiffness, CMT = constrained motor torque)

caselmodel |soluti0n |achieved insights

A [Velocity source + SEA analytical |principal effect of significant joint elasticity

A" [Velocity source + SEA + CD|analytical |influence of constrained deflection

B [PTI + SEA analytical |influence of constrained motor dynamics, 1st order

C |[PT2+ SEA analytical |influence of constrained motor dynamics, 2nd order

D |[PT2+ SEA +IJTF 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
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10.7.1 Maximization of Link Velocity

As systems whose state space equations do not explicitly depend on time are as-
sumed, the description of their dynamics is a system of differential equations of first
order.

(1) = f(x(2),u(1)), (10.48)

with x and u being the state vector and control input, respectively. For achieving an
optimal control input, a general optimality criterion is usually to be chosen such that
the timely evolution of x(¢) and u(z), as well as the final state of the system x(z5)
are weighted with respect to each other, see Section[T0.4.11

J = h(x(ty),t7) + Otf g(x(t),u(r),r) dt (10.49)
Together with the Hamiltonian
H(x(t),A(t),u(t),1) = g(x(t),u(t),t) + AT f(x(¢),u(z),1) (10.50)

the constrained optimization problem is transformed into a problem without con-
straints. However, in order to maximizeﬁ the link side velocity at a certain time
instant ¢ only, (10.49) reduces to:

J = h(x(tr).tr)) = q4(tf) (10.51)
Since no other constraints are taken into consideration (10.30) reduces to
H(x, A,u,1) = AT f(x(1),u(t),1). (10.52)

For the optimization of the final state the boundary conditions of the adjoint
equations result from the transversality condition

oh
Alty) = a(if)' (10.53)

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
value 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:

5 Later on, the problem is treated as an equivalent minimization problem and therefore the
sign of the cost function changes.
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7 (10.54)
JH
“ox (10.55)

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

ty.

10.7.2 Optimal Control for Linear Cases

In this section, the constant elasticity case (K; = const.) is treated. Constraints,
stiffness adjustment and other nonlinear effects are discussed in Sec. and
Sec.[I0.7.4 For the first model the motor behaves as a velocity source, which gives
insight into the principles of utilizing joint elasticity. In order to investigate the in-
fluence 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

Table 10.6 Summary of the investigated linear optimal control problems

Vel. source (A) PTI (B) P12 (O) PT2+7 (D)
0 [ 6y d T = Kp(6,—6) T = Kp(64—6) +Kp(6,—0) | T = Kp(6;—6)+Kp(6,—0)
1 qu;,(elfq) T = BO T = BO T = BO+ Ky (0 —q)
MG=K;(6—q) Mg =K;(6—q) MG =K;(6—q)
| x=[044) x' = (6644 x" = (6,6 644 X" = 16,6644
u=26, u==0, u=1=0, u==0,
X =u X =u
N X =x Xy =x3 Xy = X3
X =u
- ) 5 = 3 (Kp(u—x3)+ i3 = 3 (Kp(u—x3)+
& = 02(x1 —x2) fs = )f47 . +Kp(x1 —x2)) . +Kp(x) —x2) — Kj(xa —x4))
X4 = 0*(x] —x3) X4 = x5 X4 = X5

ds = 0% (xp —x4)

x5 = 0% (x) —x4)

H(x(t),A(t),u(t),t)
M+ Apx3 + A3 0% (x] —x

H(x(1),A(1),u(t),t) = AjxaH
¥ B (1= x2) + A + g 0% (31 —x3)

HX() A (1), u(t)) = A+ A
+23% (Kp(u—x3)+Kp(x1 —x2))+
+A4xs + A5 0% (x2 — x4

H(x(1),A(1),u(r)) = Au+2Aox3
| +A3 5 (Kp(u—x3)+

+Kp(x) —x2) = Kj(x2 —x4))+
4% + As 0% (1) — x4)

=A%

-

K,
Ak

e hengonmot k() kel
3 7}2 = l30? )1; Che? ’ d=—h+13% =+
a=-1 ety A= 2s0? ha = -213% + 250?
) =M ds =My

o ATt =l001
x(0) =[000]

ATty =[0001]
x(0) =[0000]

AT(t5)=[00001]
x'(0)=[00000]

AT (t;) =[00001]
x'(0) =[00000]

Bmax: M1 >0
Omin, A1 <0
singular, A; =0

9;:{

Oimaxs A2 >0
Omin, A2 <0
singular, A, =0

. Omax, A+ %)ﬂ >0
0, = Omin: A1+ FDM <0
singular, A + 3223 =0

Omax, M +5223>0
Omin, A1+ 3PA3 <0
singular, A + 223 =0

o
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motor. In a first step the influence of the elastic joint torque feedback 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 actuating variable « is chosen to be
the desired motor speed 6. 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 equa-
tions and conditions are summarized for the interested reader in Tab. and focus
is only laid on the most significant general insights in the following description. Ta-
ble [[0.G 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
o= +/Kj /M

Since all system equations (row 3) are linear in u, Pontryagin’s maximum prin-
ciple leads to bang-bang control if no singular arcs occur. The optimal switching
functions are the terms of the particular Hamiltonian (row 4) that linearly depend
on u. Together 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 4.

M = osin(o(t —ty)) (10.56)

Since this function never remains at zero, no singular arcs occur. The switching law
is therefore
0, = Omaxsgn(sin(w(r —1t5))). (10.57)

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[I0.14ldepicts 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 t = @/ (4r) the link side velocity is doubled.

As for case A, the optimal control trajectory of case B is also derived from Pon-
tryagin’s maximum principle. The solution is again linear in # and of bang-bang type
because the switching function never stays at zero for a nonempty time interval. The
switching times depend for case B on sign(A,), which is found to be

12 (l‘) = (BZKJCW —BZK] CcoS ((1) (l‘—tf>>
(10.58)

—~BKpsin (0 (1—17)) VK M) (KoM + K, B)

6 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 reason-
ably 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 instance.
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Fig. 10.14 Solution of the adjoint and system equations

Compared to case A the switching condition consists of an additional trigonometric
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 ad-
ditional trigonometric and exponential terms. Again, they do not alter the principal
switching structure. The switching condition is

Kp KpK?B
M+ ?13 = 7TCOS (CO (l‘ftf))
K;BKp—K;Kp? — Kp*M) VK; M
KB K, — )VEs sin(o(t—17)) (1059
x4 (1) (x2+Kp) x3 (1) (=x2+Kp)
+ e 2B ——e 2B
X1X2 X1X2
with
X1 =K;Kp>M + K;*B> — 2K; BKpM + Kp*M?
X2 =1/Kp?—4KpB
(10.60)

X3=1/2K;B (—2K,3kp+2kp2M+ K;Kpy/Kp? —4KPB+KJKD2>
X4 =1/2K;B <2K/BKP72KPZM+KJKD \/ Kp® 741<,>371<,1<02> .

In order to complete the motor model, the feedback of the elastic joint torque
shall be considered now (case D). Table[[0.6]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 via numerical integration
(e.g. with Runge-Kutta methods).

A comparison of the different motor models is depicted in Fig. showing
the dynamic response of @ for 6, being the step function. Two main observations
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Fig. 10.15 Comparison of the different models

can be made: The significant switching time between PT1 and PT2 and the negligi-
ble influence of the elastic joint torque 7; on the motor response of the PT2 model.
The main conclusions up to now are

e 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 elastic joint
torque 7.

* Insufficient motor dynamics lead to a saturation of the characteristic velocity
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 @pay.

10.7.3 Constrained Deflection

Now, an optimal strategy is derived which maximizes the end link velocity of the
system A’. The states will be redefined here as x” = (8 — g,4) = (¢,4) for con-
venience and also to be able to visualize the solution in a 2 dimensional plot. The
motor velocity u; = 6 is directy controlled, hence the system dynamics are

7 Although this problem is theoretically solvable because of its linearity, state of the art sym-
bolic solvers are not capable to find the solution due to its size.
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a)2x1

X = f(x,u) = ("‘ "2) . (10.61)

Both the motor velocity and the angular deflection ¢ are now constrained:

Vit € [to,1f] : [u1(2)| < timax AN @ (1) < Omax (10.62)

Without loss of generality, the initial time #; is chosen to be equal 0. Note that the
constraints in uniquely determine the maximum end link velocity, which
the link can move at. This velocity consists of the maximum motor velocity and an
additional term Ag, which is related to the potential energy that can maximally be
stored in the spring.
Note also that the following condition holds whenever the maximum spring de-
flection @nayx is reached:
KJ(Pmax = MQmaxa (1063)

where §qy 1S the maximum acceleration of the link. The additional gain A4 will thus
depend on the maximum deflection according to (I0.63). The maximum potential

energy Eponu = %K 72« may be used to obtain this additional velocity gain:
1 2 Lo a2
Equax = EMemax + Epotmwc (1064)
Gmax = 6'ma)c + O Pmax (10.65)
= Aq = OPmax, (10.66)

where the first two equations can be obtained from energetic and velocity consider-

ations, and @ = \/% is again the eigenfrequency of the mass-spring system.

In principle, g4y can be obtained with various control trajectories, all of which
make use of the maximal potential energy in the springs. The aim is here, how-
ever, to exploit the capabilities of the joint as fast as possible. Therefore, the min-
imum time to gain the maximum link velocity is seeked for, under the constraints
(10.62). This means that x»(¢s) = §(t¢) = ¢max and unlike the optimal control prob-
lems solved so far, the final state is not free.

The problem mentioned above is a minimum-time optimal control problem with
the cost functional:

J(u) = /O "ar, (10.67)

and the free end time ;.

Before formally applying the optimal control formalism, i.e. Hamiltonian, costate
dynamics etc., some physical reasoning should be started with. This will simplify
the problem by dividing it into two subproblems that can be solved separately. Go-
ing backwards in time, the problem of reaching a charged state (fully deflected joint
spring) from the final state (maximum link velocity) is addressed first, and then how
to hit the initial state (resting position) from the charged state.
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Reaching Charged State from Final State

. . . . T
The maximum energetic state the joint can occupy is x(fs,) = ((pn[wX ulmax) . To
reach g, the potential energy E), must be completely transformed into kinetic

Otmax
link energy, see Fig.[[0.16 The state at final time is therefore x(t7) = (0 Gmax) " To
reach x(¢¢) from x(f.,) one must simply apply the maximum motor velocity. From
an energetic point of view this is the only way to achieve the theoretical maximum
link velocity and therefore also the time-optimal solution.

U1 = Ulmaz U1 = Ulmax

x(ten) z(ty)

Fig. 10.16 Releasing the spring from x(f.;) to reach x5 (¢7) = Gmax

In general, solving the system dynamics for an arbitrary initial condition x(0) =

T . .
(x10 XQ()) and for a constant input u| yields:
2 2
X Xp— U
_5 + u =1
a

= , (10.68)

where a = # ((u1 —x20)% + (wx10)?) and b = (uy — x20)? + (@x19)*. If a phase
plot is used to display the timely evolution of the states, (I0.68) indicates that they
follow an ellipse. For u; = uy,,, the center of this ellipse is (0 ulmax)T, while for

U] = —Ulmay itS center is (O —ulmax)T. The size of the ellipse is determined by the
semi-minor axis a and the semi-major axis b. Both depend on the deflection ¢(0)
and its time derivative ¢(0) at the initial time.

Tracking the ellipse starting from x(z7) with u; = ujmax backwards in time, we
reach x(f;,) after a quarter of the periodic time of the spring-mass system, i.e. 7 —
tep = % see Fig.[[0.17 At this instant the angular deflection constraint is active,
(p(tf) = Qmax- If U] = Uy, is further applied, no greater elastic deflection than the
maximum deflection can be reached, because x(f.,) lies on the semi-minor axis of
the ellipse. Please note that if u; = —uy is applied backwards in time after x(¢.,),
Pmax Will be exceeded, which is therefore not a valid solution.
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Reaching Resting Position from Charged State

The remaining problem is to hit x(0) = (0 0) r starting from x(7.,) in minimum
time. For the considered dynamics the time-optimal solution for reaching x(0) from
an arbitrary initial state without state constraints can e.g. be found in [30]. Here, the
inverse problem is considered, which is approached similarly.

For system A’, the Hamiltonian yields H = A (1 — x) + A, @?x1 + 1. The control
input enters the Hamiltonian linearly and the optimal switching function is therefore
of = gTH] = A;". According to Minimum Principle the optimal control law is thus:

MT _ _.ulmaxSign(z'l*)v )‘]* #0, (10.69)
singular, Af=0.
The costate dynamics are
: JH —6022,2
A=——= . 10.70
dx ( A ( )

This means that the costates of this optimal control problem describe an undamped
harmonic oscillator and we need boundary conditions in order to uniquely deter-
mine the optimal costates 1™ and the corresponding switching function 6*. Notice
that for this optimal control problem can not be used to determine the bound-
ary conditions of the costates as done in previous sections, because the final state
x(tzp,) s fixed. Nevertheless, the final time is free and consequently, the Hamiltonian
equals to zero and stays constant along the optimal trajectory H* = 0, assuming the
deflection constraint is never active [25]. Using this and the additional condition for
free end time [5]

oh
| +H" =0, (10.71)
ot |,
——
it can be concluded:
A7 (0)7(0) + 1= A (1) 0 Pmax + 1 = 0. (10.72)

The left hand side of (I0.72) shows that 0* = A, can never stay identically at zero,
since A;(0) = — u*;(m = 0. Consequently, the optimal control will be bang-bang with
1

the switching function o*:
0" = —wA;(0)sin(wt) + Ay (0) cos(wt). (10.73)

Notice that 6* decribes a harmonic oscillation, which is 27-periodic and u| switches
sign at the latest after a half period , i.e. one half ellipse in a phase plot. This
insight can now be used to construct a switching curve ., see Fig. [[0.171 The
origin x(0) = (O O)T can only be hit if the state trajectory approaches one of the
following half ellipses:
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((DX] )2 + ()Cz - ulmax)z =
((DX] )2 + ()Cz + ulmax)2 =

(10.74)
(10.75)

The adjacent ellipses of . be can constructed by drawing a half ellipse from every
point of (10.74) or (I0.73). This procedure can be repeated in order to get the other
ellipses of the switching curve. To approach x(0) = (O O)T, one must apply u;
U1 max if the current system state is above .. Below the switching curve u; = —uqx
must be chosen, respectively. Otherwise, the solution diverges. Please note that the
switching curve does not hold for the first part of the problem, i.e. reaching x(f.;,)
from the final state x(z7). This is because the state inequality constraint |x|| < Qpax
is active at f.;, which means that 6* has a discontinuity at this time instant [30].
Furthermore, if the maximum deflection of the spring is not sufficiently large, the
state contraint can become active, before x(¢;,) is reached (see Fig.[T0.17] right row).
In this case, the analysis loses its validity as well and results in a singular problem.
The next part discusses the optimal strategy for this case.
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041 &, 008
< U1l hax . < 002 B
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0 ] 0 - .
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Fig. 10.17 Time-optimal control strategy (M = 0.1 [kgm?], Ky = 100 [X2], uy,pae = 2 [%])
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Dependency of Solution on the Energy Ratio es;,

The number of control switchings to reach x(0) depends on the spring energy and
motor velocity. If the link travels at maximum motor velocity, its kinetic energy is
Epin = %M 62 ... Next, the ratio of the maximum potential energy in the spring to
this kinetic energy is introduced:

2
E
o5y, = —Lomx (“’."’max) . (10.76)

In order to express the benefit of the spring on the maximum link velocity in terms
of energies, (I0.63) and (I0.66) can be reformulated as

Gmax = Omax (1 + v/esr).- (10.77)

The term € := §ynax/ Opax = 1 + Jest may be denoted as the joint speed gain.
The switching curve indicates that the motor needs to reverse its direction of
speed each time the link speed grows more than two times the motor speed, i.e.

' i
n, = { Gmax w _ { + Veﬂ , (10.78)
2 Omax 2

where n. is the number of motor cycles. For an odd number of intervals the alter-
nating switching sequence starts with u; (0) = u},4y. the first control for an even
number of 7 is u; (0) = —uymqy. In Fig. [[0.17 (upper left) e, = 11 is chosen, which
means that there are three intervals starting with u1,4,.

As mentioned above, if the maximum deflection is lowered it may intersect the
switching curve. Fig. [[Q.17] (upper right) visualizes this case in a phase plot, which
is obtained by the numerical software GPOPS [34], which uses the Gauss Pseu-
dospectral Method to solve optimal control problems [3,!12]. The case occurs only if
Pmax < "‘Z‘)‘“ , respectively es;, < 1. Keeping u; = 1,4y, ONCE Pmax is reached would
lead to a violation of the constraint, so that the motor velocity is decreased as soon
as x| = @max. Although the motor velocity is being lowered, maintaining x; = Qmax
means that the maximum possible elastic torque, 7j,,,, = K7 @max 1S used to accelerate
the link. It is therefore optimal to follow the constraint in this singular case.

General Treatment of Constraints for System D

Now, the formulation of the optimal control problem with constraints is based on
the model of case D. As seen, @max can be expressed as an inequality constraint on
the difference of motor and link side position. Its second derivative incorporates the
contrﬁ{oﬁl variable. Thus, the order of the constraint is ¢ = 2 and one contact point
existy.

8 A single contact point is assumed in order to formulate an unilateral deflection constraint
only.
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SO = (6 —¢) — Pmax <0 (10.79)
sW=(0-¢) <0 (10.80)
§@ = (6-¢)<0 (10.81)

The Hamiltonian is extended by a term that incorporates new Lagrange multipliers
L. In total one obtains an 11-th order canonical system of differential equations with
side constraints. For contact points the conditions given in [3] count This leads to

a jump in the adjoint variables for the contact time t;. Because 2 3 = 0 and for
choosing ¢y = 0 the jump conditions may be written as

ds®©
o) = Dalty )+ Mo — (10.82)
ds©)
+ _ —
Aty ) = Ml )+‘u0—dx4 , (10.83)
leading to
) = Aa(t,) + Ho (10.84)

M) = Xat;) — o
The additional trivial differential equation is
o =0. (10.85)

The full system of equations can be solved with a numerical multiple-shooting
method as e.g. described in [6,/7] or Sec. [10.5

position [rad]

—sf

= = =6, [rad/s]

velocity [rad /s

ANDONDMOO®

o
o
o
-
o
o

(&)

-

Fig. 10.18 Optimization with limited elastic deflection. sf denotes the switching function.
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Figure [T0.1§] depicts such a numerical solution of the MPBVP obtained with
the multiple-shooting method implemented in the program BNDSCO [29]. For the
constrained deflection case the optimization aims at the maximal elastic deflection
(upper right). The optimal switching 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.

10.7.4 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.

10.7.4.1 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= / 0, dt with Oy < 0 < Bax (10.86)
Mj = KJ(Z‘)(@ —q) with K‘]_’min < Kj(l‘) < K‘]_’max, (10.87)

with x = [0,¢,4]” being the state vector and u = [8,(¢),K;(¢)]” the control input
vector. The canonical system of differential equations is

i = uy (10.88) M= A’ (10.91)
B = 13 (10.89) A = A0 (10.92)
. uz .

=2 -x)  (1090) Ay = o (10.93)

The corresponding Hamiltonian can be derived as
H(x(t),A(t),u(t),t) = Aju; + Aox3 + 13%()61 —x2). (10.94)
The Hamiltonian is linear in #; and uy, leading directly to following switching laws.

Qmam 2f1 >0

0; Omin, A1 <0 (10.95)
singular, 4, =0
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Kl,maXa 13)61;4){2 >0
Kiq=1q Kimin, L7572 <0 (10.96)

singular, 4372 =0

Due to the bang-bang structure of the desired stiffness the solution of the adjoints
is similar to (10.56):

M= %gn( %(x—q)) (10.97)

A3 = cos (, /%(t—y)) (10.98)

This solution is derived for t > 17 — % =tr—54/ KJL It is not straightforward
,max

to obtain the full solution for the system in case 77 > %. 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. A; determines the
excitation of the system with 8,. The stiffness switching function is characterized
by two terms. First, the sign of the elastic deflection sgn(x; — x») and secondly, the
switching function A3.

10.7.4.2 Constrained Deflection

Based on Sec.[10.7.3lit is clear that the stiffness adjustment between maximal elas-
tic deflection (maximum potential energy stored) and the time instant of maximal
velocity (moment of launch) is critical. Therefore, the maximization of the Hamilto-
nian during this particular time interval is investigated. The term containing
the stiffness u, and the elastic deflection (x; —x;) = (6 — g) is to be maximized.

max{x3@(x1 —XQ)}. (10.99)
M

(x1 —xp) is always larger than zero between the moment of its maximal value and

launch. The maximal value will be achieved the earliest at ¢y — ﬁ Due to the

transversality condition dh(x(ts))/dx3 = dq(tr)/dq = 1 the last adjoint A3 reaches
its maximal value A3 = 1 at t¢ (see (I0.98)). Furthermore, it changes its sign also
at a quarter of the periodicity before the launch time. The switching function Aj is
consequently positive in the considered time interval. This leads, according to the
maximum principle, to maximizing the stiffness (see (10.96)) towards the moment
of launch.

K7 = KJ max B <t<ty (10.100)

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
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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:

e The motor dynamics is not sufficient to excite the joint at maximum stiffness 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 stiff-
ness ranges due to higher possible deflection than for higher stiffness presets.

Ty 1 T 1 1
| | |
|
| | |
| | |
o = high : o = high :
| | |
| | o=low
|
| | |
| | |
oc=low | | |
| | |
| | |
| | |
| ioh | |
QPmax | [ (Pr}rllle%)}cl | (Prlr?;’;/( | ?

Fig. 10.19 Deflection limits @max for different stiffness presets o. The left figure shows a
design, where @max is constant for every ¢ and the right one depicts a functional relationship
between Qmax and .

The last aspect can be explained with Fig. and is caused by the imple-
mented working principle of the VIA mechanism. The left figure shows two dif-
ferent 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 Hamilto-
nian is maximized through the entire motion process and therefore the joint stiffness
as well. Consequently, the potential energy stored in the joint elasticity 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 deflection
a stiff one are preferred. Maximization of joint torque is therefore directly coupled
with adjusting stiffness along the admissible deflection.

All the theoretical results summarized so far, imply that using elastic joints can
significantly increase the performance of a robot joint in terms of achieving high link
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velocities compared to a rigid robot. Next, the analysis for a concrete joint design is
discussed and various experimental results are presented.

10.7.5 Performance Analysis for the QA-Joint

In this section, the elaborated insights are applied to the DLR QA-Joint. The motor
in the joint will be modeled as a PT2 actuator and damping effects will be ignored.
The maximum velocity will be numerically investigated, which can be obtained by
one switching of the desired motor velocity, and the results will be verified exper-
imentally. In order to find boundaries for this velocity, the theoretical results from
the previous sections are used and extended by including a nonlinear spring into the
undamped joint model.

10.7.5.1 Without Stiffness Adjustment

From an energy point of view, the maximum kinetic energy of the joint Ey;, . will
always depend on the maximum potential energy stored in the nonlinear spring and
the maximum motor velocity. In other words, (10.64) holds regardless of the spring
characteristics and (I0.77) is still valid with ey now being defined as:

EPUfmax — 2 f()@max TJ((p)d(p _ ( (Pmax ) 2
Ekin Mer%ax

€51 =
Opax

The elastic joint torque is again denoted by 7; and (max stands for the maximum
velocity of the joint relative to the motor, which is obtained when all the poten-
tial energy is transformed to the kinetic energy. Similar to the previous section, we
can numerically compute time-optimal trajectories, which result in this maximum
link velocity ¢max = @Pmax + 6,4 in minimum time. Figure[10.20 shows phase plots
of these trajectories for different ey; values. The simulations were done again with
GPOPS and ey was increased by decreasing 6,,,, while keeping Epot,,, and thus
Pmax,> Pmax constant. The simulated joint has the same nonlinear spring chracteris-
tics as the QA-Joint and its elastic joint torque 7; can be computed from:

1
15
where a; and b depend on the stiffness actuator position ¢. The equation above
corresponds to eq. (I0.7) for a; = by = 600.

According to the illustrated phase plots, the energy ratio e,; can still be used as
an indicator for the singularity as well as the number of the switches for the time-
optimal trajectory. As observed from Figure [[0.20/if ey < 1, the angular deflection
constraint becomes active before ¢, reaches 6,ar and yields a singular solution
along the time-optimal trajectory. Furthermore, it can be shown that for a fixed

7 (aSEIS((pfa) . bse]5(7¢76))

)
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Fig. 10.20 Time-Optimal Control Strategy for the QA-Joint (u; = 0,a; ~ 26.34,bs ~
28.62, Pmax = O = 11%,@rnax ~ 2.44794)

number of switches 7., the motor velocity must always change at ¢ = 0 to obtain the
maximum values for ¢ and ¢ after the switches. Since |@(0)| = u}nqy and switching
of u; changes ¢ by 2uy,,,y, the relative velocity ¢,., which denotes ¢ obtained with
n. motor cycles is bounded abovell:

Pn, < (216 — 1) O (10.101)
Consequently, the link velocity after n. cycles satisfies ¢, < 2n, Onax yielding a
similar relation for n. as in (I0.78). For ex. with switching of the motor (n, = 2), gy,
can theoretically be maximum 48,,,, according to this relation. Figure [[0.20 shows
that this velocity is indeed obtained in a time-optimal way by one switching of the
motor at ¢ = 0, when e;; = 9 or equivalently G4 = 46,4 Note that for e > 9,
the maximum velocity ¢;;.x can not be obtained with one switching anymore.

It could be seen how the maximal velocity of the constrained joint is bounded by
the number of the switches n., the maximum motor velocity 0,0 and of course the
maximum potential energy in the spring E oy, -

In the experiments, the motor velocity cannot be controlled directly but the motor
torque can. For that reason, in the search for the optimal control strategy, the motor
will be modelled as a PT2 actuator. The state vector x = (Gd 06q q) ’ , the control
input u; = 6, and the initial conditions x(0) = 0 will be used to obtain the following
system of differential equations that describe the system when taking account for the
elastic torque feedback to the motor with a PT2 behaviour:

9 See Appendix [Blfor a detailed analysis.
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with 7, denoting the bounded motor torque

Tn,max ) Tm,d > Trrnnax
T, = Tn,d T < Tipg < (A (10.102)
Tm,min Tm,d < T,r,,nzvl~

Tma = Kp(u—x3)+ Kp(x1 —x7) is the desired motor torque from the PD controller.
The Hamiltonian for the optimal control problem of maximizing the end link veloc-
ity, i.e. for a cost function J = —¢(t) is then:

1 1
H() = M+ doxs + A (= ©(0)) + Aaxs + A5 1(0). (10.103)

The optimal control problem to be solved consists of a system of differential equa-
tion of 11-th order (adjoint and system equations), including the additional triv-
ial differential equation if taking into account the elastic deflection limit with one
boundary point, see Sec.[I0.7.3] The nonlinearity causes a coupling of the adjoint
and state equations, leading to a MPB VP with separate initial and end conditions for
the canonical system of differential equations@. The limits of motor torque eventu-
ally lead to a necessary formulation of boundary control. Solving this problem with
multi-shooting methods did not converge. 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 convergence of the method. Furthermore, a physical interpre-
tation of the adjoint variables is also not given. Thus, the estimation of their start
values would lead to a solution that is not straightforward.

A possibility to solve this optimization problem is a parameter estimation method
by utilizing the information that the optimal control trajectory shows bang-bang be-
havior (which comes from the linear occurrence of the input into the state equation).
This is also independent from the limit in motor torque %, (see (10.102))), as the prin-
cipal structure of the Hamiltonian remains the same regardless of the saturation ]|
HA@)u(1) = (M4 25 ), Tumin < Tt < T (10.104)

HA®),ut)) =4ty (Tnd < Tumin) vV (Twd > Tumax)  (10.105)

The parameter to be estimated is the switching time. The optimization is carried
out by multiple solving of the system equations with the jumping times in the con-
trol variable being timely varied via appropriate optimization. The algorithm ap-
plied is the Nelder-Mead Simplex-Downbhill method with the following optimization
criterion.

J=—4(ty)+J, (10.106)

10 The adjoint system is given in Sec.[[0.2.5.2]
11 please note that only the relevant term of the Hamiltonian is shown, which linearly depends
on u.
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0 @Pmin S o S @Pmax

J, = 10.107
, {exp<|<p|<pmax> 0] > Pmas (10.107)

Complying with the constraints is ensured with penalty term J,,.

Similar to the results regarding the simpler joint model, under the premise of
achieving maximal deflection with one switching cycle (throwing with striking out
once), a limited velocity range for the position motor complies in this case, as well.
On one hand, a minimum motor velocity 6,45 for achieving the maximal deflection
Omax 1s needed. Decreasing this motor velocity will increase eg; and one switching
will not be sufficient to make use of the maximum potential energy. On the other
hand, there exists a maximum velocity at which the total potential energy can be
used without staying on the singular trajectory. Simulation results are depicted in
Figures [10.21] and [10.22] with blue curves, whereas the experimental results are in-
dicated with green crosses. Note that in our new model, the minimum boundary for
0, correspond to a ey value lower than 9, which is due to the change in our control
model and the additional motor torque limitation.

13° ]
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9° 1
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Fig. 10.21 Final link velocity ¢(¢/) as a function of the desired motor velocity 04

Fig. [[0.21] shows the absolute achievable final velocity, as a function of com-
manded motor velocity characterized by the almost linear relationship. This in-
duces a continuous velocity increase with stored potential energy as expected from
(I0.77). Furthermore, it becomes clear that too low elasticity leads to a degradation
of achievable link velocity. The relative velocity increase with respect to the mo-
tor velocity at the final time, € = 4 s depicted in Fig. [[0.22] It can be stated
that € degrades with increasing motg?velocity and increasing stiffness. As already
explained, it is necessary to drive with higher motor velocities to achieve the max-
imum 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 € = 2.7.
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Fig. 10.22 Relative final link side velocity as a function of motor velocity

In Fig. the time courses of measurements and simulations for high and low
stiffness presets are shown. The upper row shows the motion for 8; = 60°/s, 6 = 3°
and the lower row depicts the results for éd =100°/s, o = 11°. The subscript md!
indicates the simulation results and msr the measurements. The relevant variables
are the link side velocity, deflection, and the elastic joint torque:

¢ Link Velocity (left)
The trajectory of the link velocity shows very good consistency with the simu-
lation. At final time the velocity is approximately twice the motor velocity. The
deviation in joint torque are almost not reflected in the velocity profile.

¢ Deflection (middle)
In contrast to the simulation a slight exceedance of the deflection constraints can
be observed in the lower row. This is mainly due to the variance 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 discontinuities in the simulation
are caused by a Coulomb friction model during direction changes (See [20] for
details).

To sum up, the experiments verified the use of the maximal angular deflection ¢,y
in springs to maximize the end link velocity ¢(z7). Also the energy ratio ey is shown
to be suitable in analysing maximum velocities obtained by a fixed number of motor
cycles.

Next, elastic joints with variable stiffness actuators are discussed, where the stiff-
ness can explicitly be regulated, i.e. the torque-deflection relation is assumed to be
adjustable but linear. The focus is on maximizing the angular deflection and based
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Fig. 10.23 Comparison of simulation and measurements for different stiffness presets. The
upper row shows the motion for §; = 60 °/s and ¢ = 3 °. The lower row depicts the results
for 6; = 100 %/s, 6 = 11 °.

on this investigation the basic problem of how to optimally store potential energy
into a variable stiffness joint is analyzed. The obtained strategy will turn out to
be strongly related to the maximization of its kinetic energy and thus its end link

velocity.

10.7.5.2  Stiffness Adjustment

For the stiffness adjustment during the motion there are also some conclusions to
be drawn. For the linear joint stiffness it was shown that the relation between stiff-
ness and deflection is critical, see Sec.[I0.7.4.11 For the QA-Joint this constraint is

formally defined as

G>0 o € [3%,157). (10.108)

For maximizing the Hamiltonian (I0.103), following term is considered, which
explicitly depends on the stiffness adjustment o.
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Fig. 10.24 Link side velocity with stiffness adjustment
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Fig. 10.25 Deflection (left) and joint torque (right) with stiffness adjustment

H(A(t),x(2),0(t)) = (15% — A3%) 7(0) (10.109)
—_——
A’*

As assumed in Sec.[I0. 7.4 Tlonly a stiffening during the relaxation phase is essential.
Thus, the sign of ¢ does not change. In order to confirm the assumption 1* > 0
for the experiment, the adjoint equations have to be solved for the time interval
of stiffness adjustment. Since they do not show discontinuities they can be solved
numerically as a final value problem by utilizing the already optimized solution of
the state equations.

The solution of the adjoint equation systems in the time interval [z,,7;] gives the
confirmation that the stiffness adjustment presented in Sec. is indeed sat-
isfying the necessary conditions of optimal control theory. For this, the switching
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Fig. 10.26 Solution of the switching function with stiffness adjustment

function A* has to have positive sign in this interval. The system of differential
equation for the adjoints is

. 1

M= 713EKP (10.110)

: 1

Ao = A3z ((bs — br)exp(15(¢ — 0)) (10.111)
—(as —ag)exp(15(¢ — 0)) + Kp)

Az = flz+l3% (10.112)

. 1 1

Ay = (AsM—I—)@E) ((bs—bR)eXp(IS((p—G)) (10.113)
+(as —ag)exp (15(¢ — 0)))

As = — 4, (10.114)

where @ = x, — x4. With final values A’ (z7) = [0 0 0 0 1] the problem can be for-
mulated as final value problem and e.g. be solved with Runge-Kutta variants. Fig-
ure[10.26 depicts the solution of the switching function A* = A5 % — lg%, showing
the positive sign over the relevant time interval. Therefore, 77 has to be maximized'3.

sgn(¢
T = gelgj,’” (as — ag)e'S274) — (bg + by)e!S =2+ | (10.115)
The maximization of the elastic torque in turn necessitates the maximization of
stiffness, respectively a minimization of ¢ at every time instant. Taking (10.108)
into account the optimal stiffness trajectory is

3, 0<3
o' = t <t<ty (10.116)
Q;3<p<15.

12 Please note that for this case 7; denotes the ideal elastic joint torque plus the friction model.
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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 injects 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 maxi-
mized at the same time.

The according experimental verification is depicted in Fig.[10.24] and Fig.
For a moderate stiffness preset ¢ =9  the achieved link velocity is 266 /s, which is
approximately 20 % higher than without adjustment. From Figure[T0.23] (left) it can
be observed that adjusting the stiffness according to (I0.116) is not fully achieved
due to too little dynamics of the stiffness motor!J. Nonetheless, a significant veloc-
ity 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 sustaining torque during relaxation phase.

In the next section the role of joint compliance for safety in Human-Robot Inter-
action is treated.

Fig. 10.27 The LWR-III equipped with a knife moves along a desired trajectory. The pene-
trated material is a silicone block. This experiment shows the benefit of intrinsic or controlled
joint elasticity during impacts with sharp tools. The goal position x; was ~ 7 cm inside the
silicone block.

10.8 Compliance as a Cornerstone of Safety?

As already discussed in Chapter[3l one can identify two immediate sources of pos-
sible human injury due to contact with a robot, namely sharp or blunt contacts. Fur-
thermore, 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

13 Please note that the stiffness adjuster is assumed to show ideal behavior for the simulation.
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characteristics during rigid, fast blunt impacts for robots with similar link inertia to
the LWR-IIT when reducing the stiffness from the quite high intrinsic values of the
LWR-III to lower levels.
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Fig. 10.28 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 decreased 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.

In case of injury caused e.g. with a slower motion, by sharp tools, the scenario
changes drastically. In Chapter [0 the focus of possible injuries in Human-Robot
Interaction was extended to various soft-tissue injuries as stab wounds and an ex-
tensive evaluation was given. The effect of the joint compliance in case that the
robot has a potentially dangerous tool is discussed in the following.

10.8.1 Sharp Contact

As shown in Fig. [[0.27] the LWR-IIL, 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
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such dangerous tools. According to [[15] 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 4. In Figure [10.28] the penetration
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 regarding the point at which intrinsic joint
stiffness is advantageous compared to 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 reaction
scheme as presented in Chapter 3] gains valuable time for detection and reaction
since the potential injury, correlating with penetration depth, increases significantly
slower compared to the case of a stiff robot. However, in Chapter[@lit is also shown
that injury can be prevented even in position control to a certain extent.

10.8.2 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 col-
lision danger by alleviating the impacting robot inertia. Furthermore, it was shown
that the HIC, which is a criterion associated with resulting head acceleration, as
well as similar head injury criteria 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 [4] a joint with relatively low reflected link inertia M, = 0.1 kg
is able to reduce the impact characteristics significantly if a contact stiffness of Ky =
5 kN/m is assumed. Basically, the following conditions were assumed:

stiff: By>>M, M,<<My Kjx>>Kpy (10.117)
compliant: By >>M, M,<<My Kjx<<Kpy, (10.118)

where M, My, Ky € RT are the reflected link inertia, head mass, and head stiff-
ness. By, K € R are the reflected motor inertia and joint stiffness, respectively.
Similar to the work in [39] it was shown that a decrease in joint stiffness can sig-
nificantly reduce the impact characteristics and thus is a powerful countermeasure
against large contact forces. In [31] it was deduced that for the case of a 2-DoF
planar intrinsically compliant robot, already slightly touching a rigid wall with its
second link, the compliant mechanism can limit the maximum static force/torque

14 The bandwidth of the controlled stiffness is high enough to emulate the behavior of a
variable stiffness joint during an impact with soft material.
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effectively if the motor torque is slowly increased. The corresponding conditions
are

stiff : My~0 By,<<My Kj,<Kpy (10.119)
compliant: My ~0 B, <<Mpy K;,<<Kp (10.120)

In the cited work fundamental insights into the aspects joint elasticity plays for
safety at different impact conditions were given. It is clearly demonstrated that joint
elasticity decouples the motor from the link. However, as was indicated in Chap-
ter 5 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 inte-
grated 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 decouple motor from link, making it unneces-
sary 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 con-
tact stiffness of the used crash-test dummy is significantly larger (Kz ~ 10® N/m)
than the reflected elasticity of the LWR-III (K; , ~ 10° N/m). Furthermore, the re-
flected motor and link inertia of the LWR-III are B, =~ 13 kg and M, ~ 4 kg for
the investigated configuration, i.e. in the order of magnitude of the head mass. The
corresponding mass and stiffness relations are therefore:

B.>M, M,~Mpy KJ,X << Ky (10.121)

This aspect is not unique to the LWR-III, but of more general characteristic. Con-
sider the simplest two-link manipulator (g;,g2), having only point masses mp,m; at
the distal end of each link. The associated Operational Space mass matrix in body
coordinates may be written as

My (q) =

m
m+ ey © ] (10.122)
0 ny

The x—axis is pointing along the main axis of the second link. When considering the
stretched out configuration and hitting the head in y—direction, the reflected inertia
in this direction is simply m,. 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 possesses such desired properties. However, this would mean that
the impact mass involved in the robot-human impact is M, = 2 kg, i.e. My =~ M.
Since the contact properties of human facial bones are also in similar range as the
dummy head condition, (I0.121) can be assumed to be realistic, since such a light
arm would have at least similar flexibility in the joints as the LWR-III.
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10.9 Blunt Impact Dynamics

In this section, simulation results are presented of impacting the QA-Joint (1-DoF)
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 following model is as-
sumed

BO =1,—1(0,0) (10.123)
Mg = 1(9,0) — TF — Tg — Text, (10.124)

where B,M € R™ are the motor and link side inertia. 8,¢ € R the motor and link
side position, ¢ = 6 — g the elastic deflection, and 7, 77 (@, 0), TF, Ty, Text € R the
motor, elastic, friction, gravity, and external torque. ¢ € R is the stiffness adjuster
position. For sake of clarity Tr = 7, = 0 is assumed.

For the DLR QA-Joint the elastic joint torque is defined as

1y = 40(eP(0-0)-0) _ ,15(~(6-4)~0)) (10.125)

For details on the human models used in the impact simulations to generate Te;
please refer to Chapter [l Furthermore, the state feedback controller introduced in
[2] and outlined in Sec. is used for achieving good tracking performance
of the QA-Joint. For all collision simulations a smooth trapezoidal 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.

10.9.1 Head Injury Criterion: Simulation

Figure (left) shows the Head Injury Criterion for three different stiffness pre-
sets 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
(o € {1,6,11} ?). As already observed for rigid robots or for robots with moder-
ate joint compliance as the LWR-III [14, [16, 28], Fig. 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 speeds with the QA-Joint is not
harmful according to HIC. The HIC reaches maximum values of = 10, representing
a practically negligible injury probability [[16]. Furthermore, as already predicted in
Chapter [3 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
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is an unexpected result and significantly changes the knowledge about the role in-
trinsic joint compliance plays for safety. Basically, there is no need to demand 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 in-
ertias, joint elasticity in the range that is characteristic for intrinsically compliant
joints does not add additional safety for head impacts except for such cases de-
scribed in Sec.[10.8] However, please note that we refer to rigid impacts. As already
outlined in Chapter [9] low intrinsic joint stiffness additionally increases the safety
characteristics at low contact stiffness.

HIC36(#, 0) Frontal bone Fex (i, o)

HIC,,
F
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\
\
\
\
\
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L 7 //

Robot velocity & [m/s] Robot velocity & [m/s] Robot velocity Erpot[m/s]

Fig. 10.29 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).

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. T0.8).

10.9.2 Frontal Impact Force

Figure (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.

10.9.2.1 Abdominal Impact Force

Figure (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 decoupling 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. There-
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fore, one can conclude that such an impact does not cause any harm to the human
abdominal area by means of the force criterio