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Preface

For about the last ten years, the scientific world of robotics has been influenced by
worldwide innovative stimuli from research inspired by biological processes. In-
stead of rigid structures, the trend is now towards the use of soft, pliable organic
structures, materials, and surfaces. In doing so, scientists obtain their inspiration
from diverse biological organisms such as humans, vertebrates, caterpillars,
snakes, octopuses, starfish and plant roots. They try to understand natural mecha-
nisms and use this information to develop a new generation of robots — “soft ro-
bots”. This new class of robot may be utilized in unsafe, dynamic task environ-
ments, to grip and manipulate unknown objects, move around in rough terrain,
interact with humans in top security situations and even be capable of the vision-
ary research topic of self-repair.

In numerous initiatives, especially in the USA, Japan, Italy and Switzerland,
but also in Germany, some of these technologies have already been transferred to
initial applications. In view of this already advanced pioneering work, in the
spring of 2014 we came to the conclusion that there is an urgent need to gain an
overview of the state of research in selected European institutions. To do this, we
organized a symposium that was held at Fraunhofer IPA in Stuttgart in Germany
on 23rd and 24th June 2014. There, over the course of three plenary sessions and
four forums, 30 scientists gave their assessment of the situation and reported on
their first successes in the promising research field of »soft robotics«.

We took the opportunity, offered by such a positive response to the event, to
ask speakers to contribute towards this book by submitting details of their pro-
jects. Among other things, the geographic locations of the authors also showed
that quite a few universities are taking different approaches as they explore this
new field of research.

We were always aware of the fact that this has only given us a glimpse of the
situation and highlighted merely a handful of representative research concepts.
The 22 contributions to the book are intended not only to intensify people’s indi-
vidual research efforts but also to encourage more interdisciplinarity. That’s be-
cause we’re only just beginning to develop the in-depth cooperations that are
needed between engineers, biologists, material scientists, medical doctors, chem-
ists and mathematicians to turn promising new ideas into radical innovations.

As well as the 77 authors, a few scientists were also particularly involved in
completing the book. The editors would like to take this opportunity to thank them
for their commitment. We would also like to express our thanks to he German Ac-
ademic Society for Assembly, Handling and Industrial Robotics (MHI) and its
president Bernd Kuhlenkétter as well as the directors Jorg Franke and Thorsten
Schiippstuhl for their kind support in realizing the symposium and in planning this
book.



Fig. 1 Geographic locations of the authors

We would especially like to thank Mr. Hans-Friedrich Jacobi for his input and
cooperation and for managing the overall coordination of the various contributions
to the book, as well as Mr. Landherr for preparing the book for print.

We would also like to thank Mrs. Hestermann-Beyerle and Mrs. Kollmar-
Thoni from Springer Verlag for their excellent advice and encouraging support.

Alexander Verl Alin Albu-Schiffer Oliver Brock Annika Raatz
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Part I Outline



1 Introduction

There’s no doubt that robots render valuable services in our day-to-day lives. The
technological developments that have taken place over recent decades in the field
of mechatronics form the basis of this, especially with the development of more
refined sensors and advances in computing and software technologies. In general,
product innovations and markets develop incrementally: the cost-benefit ratio im-
proves from one generation to the next with regard to products as well as services.
Thanks to the use of technologies inspired by biology, robotics is currently receiv-
ing unconventional impetus: instead of implementing the rigid mechanical struc-
tures of the past, a new robotics paradigm is now starting to focus on soft, pliable,
sensitive, organic representations — on “soft robotics”.

The term “soft robotics” has been deliberately coined by this emerging field of
research to describe soft, organic embodiments with biologically-inspired sensors
and knowledge processing combined with intuitive, safe and more sensitive inter-
action. To achieve this, materials in particular have to feature high levels of func-
tional integration: electronics, sensors, and drive technology need to be linked
more effectively with one another. Compact sensors and new manufacturing pro-
cesses will be required, with microsystem sensors enabling robots to react reliably
to the environment. These new robot systems demand different manufacturing
methods: instead of conventional assembly, a greater emphasis will be placed on
continuous processes, for example it will be possible to construct robots and their
respective subassemblies additively using a “growing” technique. New product
opportunities will also arise in the manufacturing environment through the use of
“soft robotics” as a third helping hand, in the medical field with invasive micro
robots used in diagnosis and treatment, in logistics with lifting aids worn on the
body, and even in the home.

The aim of this book is to outline a framework for the above-mentioned lines of
research concerning “soft robotics” that are still open, thus giving researchers and
practitioners a better understanding of the fundamental aspects involved, the gen-
eral requirements to be observed, and the concepts, methods, and tools they can
use. Due to the intrinsic differences between traditional and soft robots, the con-
cepts of both actuation and sensation need to be revisited, especially when it
comes to interaction with the environment; for example soft robotic sensors may
present at new levels such as internal, external and on the surface of robots. In or-
der to reflect both the biologically-inspired approach and the development and
construction of a “soft robot” or subassembly, new modeling and simulation
methods and control processes need to be conceived and tested. In addition to the
application of these principles, material issues, design methods and manufacturing
requirements also play a decisive role in the process of: Transferring Theory to
Applications. As far as potential fields of use are concerned, this process can be
already outlined by means of initial presentable specimens of “soft robot” subas-
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semblies. This allows the orientation framework to be broken down into the four
following sections:

Sensors and actuators

Modeling, simulation and control
Materials, design and manufacturing
4. Soft robotics applications

bl e

On categorizing all of the contributions made into these sections, it was impossi-
ble to avoid some of the topics discussed from overlapping. This is due to the fact
that the “soft robotics” field of research is very young and some areas need to be
better defined. In this regard, there is still plenty of room for more definitions,
models and calculations as well as for further experiments to be carried out. For
example, four questions concerning the design of a “soft robot™ still need answer-
ing:

e Does a differentiation have to be made between the features of “soft” and
“pliable” within the context of a soft robot (definition)?

e What should a “soft robot” look like (morphology)?

e What should a “soft robot” be made from (material)?

e How should a “soft robot” move (locomotion)?

Of course, in the future many other questions will arise, be solved, or dismissed
while continuing research in the field of soft robotics. The topics selected for the
book are intended to set the ball rolling in order to gain more detailed knowledge
and also aim to stimulate scientific discussion.



2 Abstracts

New Concepts for Distributed Actuators and Their Control

Welf-Guntram Drossel, Holger Schlegel, Michael Walther, Philipp
Zimmermann, André Bucht

Fraunhofer Institute for Machine Tools and Forming Technology IWU, Chemnitz

Abstract Recently, decreasing costs for robots and control components have led
to a broader acceptance of different kinds of robots. Hence, various fields of ap-
plication start to flourish. As this is especially true for the field of service robotics
it is typically implying an increasing physical human-machine-interaction. In this
case a soft appearance yields major benefits, as it prevents injuries corresponding
to an inherent safety of the system and, in theory, enables the robot to obtain vir-
tually unlimited degrees of freedom. In this chapter the possibilities of the use of
shape memory alloys for distributed actuators will be discussed by reference to
application examples and implications for the control of such systems will be
pointed out in detail.

Artificial Muscles, Made of Dielectric Elastomer Actuators -
A Promising Solution for Inherently Compliant Future Robots

In Seong Yoo, Sebastian Reitelshofer, Maximilian Landgraf, Jorg Franke

Friedrich-Alexander-Universitit Erlangen-Niirnberg

Abstract The cutting-edge robotic technology can deal with a lot of complex
tasks. However, one of the most challenging technological obstacles in robotics is
the development of soft actuators. Remaining challenges in the field of drive tech-
nology can be overcome with innovative actuator concepts, for example dielectric
elastomer actuators (DEAs). DEAs show numerous advantages in comparison to
prevailing robotic actuators that are based on geared servomotors: They are form-
flexible, inherently compliant, can store and recuperate kinetic energy, feature
high power-to-weight ratio and high energy density that is comparable to human
skeletal muscles, and finally can be designed to perform natural motion patterns

A. Verl et al. (eds.), Soft Robotics, DOI 10.1007/978-3-662-44506-8_2,
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other than rotation. In this article, after a review on disadvantages of state-of-art
robotic drives, which are stimulus for a research on the promising drive solution,
benefits of DEAs will be presented with regard to the possibility of applications in
soft robotics. Finally, the article will conclude with a brief report on the ongoing
research effort at the Institute for Factory Automation and Production Systems
(FAPS) with two major foci — the development of an automated manufacturing
process for stacked DEAs and a lightweight control hardware.

Musculoskeletal Robots and Wearable Devices on the Basis of
Cable-driven Actuators

Martin Haegele, Christophe Maufroy, Werner Kraus, Maik Siee, Jannis
Breuninger

Fraunhofer Institute of Manufacturing Engineering and Automation IPA, Stuttgart

Abstract Cable-driven actuators are a promising alternative for future kinematic
designs, particularly when the combination of lightweight, high strength, compact
designs and dynamic motions are required. Powered exoskeletons or wearable ro-
bots are typical candidates of these novel actuators as has been demonstrated by
previous research. This chapter focusses on current work in cable-driven actuators,
introduces the Myorobotics toolkit for supporting the engineer to build up proto-
types from cable-actuates modules and gives an outlook to using cable-driven ac-
tuation for advanced wearable robots.

Capacitive Tactile Proximity Sensing:
From Signal Processing to Applications in Manipulation and
Safe Human-Robot Interaction

Stefan Escaida Navarro, Bjorn Hein, and Heinz Worn

Karlsruhe Institute of Technology (KIT)

Abstract Recently we have shown developments on capacitive tactile proximity
sensors (CTPS) and their applications. In this work we give an overview of these
developments and put them into a more general perspective, emphasizing what the



common grounds are for the different applications, i.e., preshaping and grasping,
haptic exploration as well as collision avoidance and safe human-robot interaction.
We discuss issues related to signal processing and the design of a smart skin for
the robot arm and its end-effector. On a higher level we discuss the concept of
proximity servoing and its use for the above mentioned applications.

Perception of Deformable Objects and Compliant Manipulation
for Service Robots

Jorg Stiickler and Sven Behnke

University of Bonn

Abstract We identified softness in robot control as well as robot perception as
key enabling technologies for future service robots. Compliance in motion control
compensates for small errors in model acquisition and estimation and enables safe
physical interaction with humans. The perception of shape similarities and defor-
mations allows a robot to adapt its skills to the object at hand, given a description
of the skill that generalizes between different objects. In this chapter, we present
our approaches to compliant control and object manipulation skill transfer for ser-
vice robots. We report on evaluation results and public demonstrations of our ap-
proaches.

Soft Robot Control with a Behaviour-Based Architecture

Christopher Armbrust, Lisa Kiekbusch, Thorsten Ropertz, Karsten Berns

University of Kaiserslautern

Abstract In this chapter, we explain how behaviour-based approaches can be
used to control soft robots. Soft robotics is a strongly growing field generating in-
novative concepts and novel systems. The term “soft” can refer to the basic struc-
ture, the actuators, or the sensors of these systems. The soft aspect results in a
number of challenges that can only be solved with new modelling, control, and
analysis methods whose novelty matches those of the hardware. We will present
prior achievements in the area of behaviour-based systems and suggest their appli-



cation in soft robots with the aim to increase the fault tolerance while improving
the reaction to unexpected disturbances.

Optimal Exploitation of Soft-Robot Dynamics

Sami Haddadin

Leibniz University Hannover

Abstract Inspired by the elasticity contained in human muscles, elastic soft ro-
bots are designed with the aim of imitating motions as observed in humans or an-
imals. Especially reaching peak velocities using stored energy in the springs is a
task of significant interest. In this chapter, general results on maximizing a soft-
robot’s end-point velocity by using elastic joint energy are presented and dis-
cussed.

Simulation Technology for Soft Robotics Applications

Jiirgen Roffimann, Michael Schluse, Malte Rast, Eric Guiffo Kaigom, Torben
Cichon

RWTH Aachen University

Abstract Soft robots are implied to be inherently safe, and thus "compatible",
not only with human coworkers in a production environment, but also with the
"family around the house". Such soft robots today still hold numerous new chal-
lenges for their design and control, for their commanding and supervision ap-
proaches as well as for human-robot interaction concepts. The research field of
eRobotics is currently underway to provide a modern basis for efficient soft robot-
ic developments. The objective is to effectively use electronic media - hence the
"e" at the beginning of the term - to achieve the best possible advance in the re-
search field. A key feature of eRobotics is its capability to join multiple process
simulation components under one "software roof" to build "Virtual Testbeds", i.e.
to alleviate the dependancy on physical prototypes and to provide a comprehen-
sive tool chain support for the analysis, development, testing, optimization, de-
ployment and commanding of soft robots.



Concepts of Softness for Legged Locomotion and Their Assess-
ment

Andre Seyfarth, Katayon Radkhah, Oskar von Stryk

Technische Universitit Darmstadt

Abstract In human and animal locomotion, compliant structures play an essen-
tial role in the body and actuator design. Recently, researchers have started to ex-
ploit these compliant mechanisms in robotic systems with the goal to achieve the
yet superior motions and performances of the biological counterpart. For instance,
compliant actuators such as series elastic actuators (SEA) can help to improve the
energy efficiency and the required peak power in powered prostheses and exo-
skeletons. However, muscle function is also associated with damping-like charac-
teristics complementing the elastic function of the tendons operating in series to
the muscle fibers. Carefully designed conceptual as well as detailed motion dy-
namics models are key to understanding the purposes of softness, i.e. elasticity
and damping, in human and animal locomotion and to transfer these insights to the
design and control of novel legged robots. Results for the design of compliant leg-
ged systems based on a series of conceptual biomechanical models are summa-
rized. We discuss how these models compare to experimental observations of hu-
man locomotion and how these models could be used to guide the design of
legged robots and also how to systematically evaluate and compare natural and
robotic legged motions.

Mechanics and Thermodynamics of Biological Muscle - A Sim-
ple Model Approach

Syn Schmitt and Daniel Haeufle

University of Stuttgart

Abstract Macroscopic muscle models allow for a detailed analysis of the me-
chanic and thermodynamic function of biological muscles. Here we summarize re-
sults from various simulation studies which emphasize the extraordinary design
features of biological muscles. Discussed are the benefits resulting from (2) wob-
bling masses and the muscles soft-tissue inertia effects, (2) biological damping,
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(3) internal mass distribution, (4) stabilising properties of active muscles in up-
right stance and periodic hopping, (5) reduced control effort due to these stabilis-
ing effects. We present approaches to systematically transfer these results to tech-
nical actuators and exploit these properties in the next generation of functional
artificial muscles.

Nanostructured Materials for Soft Robotics —
Sensors and Actuators

Raphael Addinall', Thomas Ackermann"?* and Ivica Kolaric'

! Fraunhofer Institute for Manufacturing Engineering and Automation IPA, Stuttgart

% Graduate School of Excellence advanced Manufacturing Engineering (GSaME), University
of Stuttgart

Abstract The advances in nanotechnology during the past two decades have led
to several breakthroughs in material sciences. Ongoing and future tasks are related
to the transfer of the unique properties of nanostructured materials to the macro-
scopic behaviour of composite structures and the system integration of novel ma-
terials for improved mechanical, electronic and optical devices. Nanostructured
carbons, especially carbon nanotubes, are promising candidates as novel material
for future applications in several fields. One of the big aims is the utilisation of the
unique intrinsic mechanical and electronic properties of carbon nanotubes for
sensing and actuation devices. The combination of excellent electrical conductivi-
ty and mechanical deformation makes carbon nanotubes ideal for applications in
sensors and actuators and opens new possibilities in construction design of next
generation robotic systems, which can be built with soft, bendable and stretchable
materials. This chapter gives a brief overview on the properties of carbon nano-
tubes and their potential for actuators and sensors in soft robotics.

Fibrous Materials and Textiles for Soft Robotics

M. Milwich"?, S.K. Selvarayan', G.T. Gresser'

"Institute of Textile Technology & Process Engineering Denkendorf, “Hochschule Reutlingen
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Abstract Soft, mechanically compliant robots are developed to safely interact
with a “human environment”. The use of textiles and fibrous (composite-) materi-
als for the fabrication of robots opens up new possibilities for “Soft-
ness/Compliance” and safety in human-robot interaction. Besides external motion
monitoring systems, textiles allow on-board monitoring and early prediction, or
detection, of robot-human contact. The use of soft fibers and textiles for robot
skins can increase the acceptance of robots in human surroundings. Novel topolo-
gy optimization tools, materials, processing technologies and biomimetic engi-
neering allow developing ultra-light-weight, multifunctional, and adaptive struc-
tures.

Opportunities and Challenges for the Design of Inherently Safe
Robots

Annika Raatz, Sebastian Blankemeyer, Gundula Runge, Christopher Bruns,
Gunnar Borchert

Leibniz University Hannover

Abstract An approach for solving the challenges that arise from the increased
complexity of modern assembly tasks is believed to be human robot co-operation.
In these hybrid workplaces humans and robots do not only work on the same task
or interact during certain assembly steps, but also have overlapping workspaces.
Therefore, ‘safe robots’ should be developed that do not harm workers in case of a
collision. In this chapter, an overview of methods for designing a hardware based
soft robot that is inherently safe in human-machine interaction is given. Recent
projects show that robots could be soft enough for interaction but they are not able
to resist forces that occur in the assembly process. Current solutions show that the
designer of such robots must face a trade-off between softness and dexterity on the
one hand and rigidity and load carrying capabilities on the other hand. A promis-
ing approach is to integrate variable stiffness elements in the robotic system. The
chapter classifies two main design rules to achieve stiffness variability, the tuning
of material properties and geometric parameters. Existing solutions are described
and four concepts are presented to show how different mechanisms and materials
could be combined to design safe assembly robots with a variable stiffness struc-
ture.



Aspects of Human Engineering — Bio-optimized Design of
Wearable Machines

C. Hochberg, O. Schwarz, U. Schneider

Fraunhofer Institute for Manufacturing Engineering and Automation IPA, Stuttgart

Abstract This chapter outlines important factors for the design process of wear-
able robots. First, the challenges are discussed and possible user groups are de-
tailed and categories of devices given. Then, major differences of classical design
methods from the field of robotics are illustrated. This is due to linking between
the machine and the user and challenges of user intention detection. Finally, some
design approaches, guidelines and best practices for the development of wearable
devices are discussed.

3D Printed Objects and Components Enabling Next Generation
of True Soft Robotics

Andreas Fischer, Steve Rommel, Alexander Verl

Fraunhofer Institute for Manufacturing Engineering and Automation IPA, Stuttgart

Abstract Soft robotics in the content of true softness, with regards to compo-
nents, parts, or the complete robot, are the next step in the development of tools
for humans, especially when used in close proximity. Considering the fact that ro-
bots are a multilevel extension of the human body, and that their main purpose
should be to help humans perform tasks, then focusing on the development of soft-
materials, and product design options allowing for flexibility and softness by de-
sign is necessary, for the next development level of the tool “robot”. Using addi-
tive manufacturing in combination with new materials, design methods, and bio-
mimicry / biomimetics is a key in that development, but also very challenging due
to the multi-level complexity. An understanding of the real world tasks required to
be performed, and abstracting this information into new applications and robotic
designs in the combination mentioned above, is shown in the chapter, functioning
as a basis and overview of the state-of-the-art.



Soft Hands for Reliable Grasping Strategies

Raphael Deimel and Oliver Brock

University of Technology Berlin

Abstract Recent insights into human grasping show that humans exploit con-
straints to reduce uncertainty and reject disturbances during grasping. We propose
to transfer this principle to robots and build robust and reliable grasping strategies
from interactions with environmental constraints. To make implementation easy,
hand hardware has to provide compliance, low inertia, low reaction delays and ro-
bustness to collision. Pneumatic continuum actuators such as PneuFlex actuators
provide these properties. Additionally they are easy to customize and cheap to
manufacture. We present an anthropomorphic hand built with PneuFlex actuators
and demonstrate the ease of implementing a robust multi-stage grasping strategy
relying on environmental constraints.

Task-specific Design of Tubular Continuum Robots for Surgical
Applications

Jessica Burgner-Kahrs

Leibniz University Hannover

Abstract Tubular continuum robots are the smallest among continuum robots.
They are composed of multiple, precurved, superelastic tubes. The design space
for tubular continuum robots is infinite: each one of the component tubes can be
individually parameterized in terms of its length, segmental curvatures, diameter,
and material properties. Ad-hoc selection of those parameters is extremely chal-
lenging, since the elastic coupling of concentrically arranged and actuated tubes is
hard to predict with common sense, especially under the presence of workspace
constraints. In this chapter, an overview of the design process is given and the cur-
rent state of the art in task-specific design of tubular continuum robots is re-
viewed.



Soft Robotics with Variable Stiffness Actuators: Tough Robots
for Soft Human Robot Interaction

Sebastian Wolf, Thomas Bahls, Maxime Chalon, Werner Friedl, Markus
Grebenstein, Hannes Hoppner, Markus Kiihne*, Dominic Lakatos, Nico

Mansfeld, Mehmet Can Ozparpucu, Florian Petit, Jens Reinecke, Roman
Weitschat and Alin Albu-Schéaffer

German Aerospace Center (DLR)

Abstract Robots that are not only robust, dynamic, and gentle in the human ro-
bot interaction, but are also able to perform precise and repeatable movements,
need accurate dynamics modeling and a high-performance closed-loop control. As
a technological basis we propose robots with intrinsically compliant joints, a stiff
link structure, and a soft shell. The flexible joints are driven by Variable Stiffness
Actuators (VSA) with a mechanical spring coupling between the motor and the ac-
tuator output and the ability to change the mechanical stiffness of the spring cou-
pling. Several model based and model free control approaches have been devel-
oped for this technology, e.g. Cartesian stiffness control, optimal control,
reactions, reflexes, and cyclic motion control.

Soft Robotics Research, Challenges, and Innovation Potential,
Through Showcases

Cecilia Laschi

The BioRobotics Institute, Scuola Superiore Sant’ Anna, Pisa

Abstract Soft robotics, intended as the use of soft materials in robotics, is a
young yet promising and growing research field. The need for soft robots emerged
in robotics, for facing unstructured environments, and in artificial intelligence, too,
for implementing the embodied intelligence, or morphological computation, para-
digm, which attributes a stronger role to the bodyware and its interaction with the
environment. Using soft materials for building robots poses new technological
challenges: the technologies for actuating soft materials, for embedding sensors
into soft robot parts, for controlling soft robots are among the main ones. Though
still in its early stages of development, soft robotics is finding its way in a variety
of applications, where safe contact is a main issue, in the biomedical field, as well
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as in exploration tasks and in the manufacturing industry. Literature in soft robot-
ics is increasingly rich, though scattered in many disciplines. The soft robotics
community is growing worldwide and initiatives are being taken, at international
level, for consolidating this community and strengthening its potential for disrup-
tive innovation.

Flexible Robot for Laser Phonomicrosurgery

Dennis Kundrat, Andreas Schoob, Liider A. Kahrs, Tobias Ortmaier

Institute of Mechatronic Systems, Leibniz University Hannover

Abstract In this contribution we present a customized flexible robot developed
as endoscopic device for laser phonomicrosurgery. Following the idea of soft ro-
botics we describe the conventional clinical setting and adjunct benefits of the
proposed assistance device to facilitate gentle surgery and usability in the operat-
ing room. Design constraints are obtained from medical image data implementing
a mechanical design comprising compliant and flexible sections, actuation unit
and multifunctional tip. We present results of a proof of concept experiment using
a patient phantom, demonstrating the applicability of our system for laryngeal ac-
cess.

Soft Components for Soft Robots

Jamie Paik

Ecole Polytechnique Federale de Lausanne

Abstract Typical robot platforms comprise rigid links with fixed degrees-of-
freedom, solid blocks of transmission and actuator, and superficial positioning of
sensors: they are often optimized for the given design criteria but are unable to ex-
ecute instantaneous changes to the robot's initial mechanism design. The real-life
incidences, however, require robots to face complex situations filled with un-
programmed tasks and unforeseen environmental changes. One of the growing ef-
forts in the field that address such juxtaposing design paradigm is soft robotics:
augmentations of “softness” in robots to complement, adapt, and reconfigure to
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the contingent assignments. Although the "softness" invokes and relates to many
facets of robot design in both soft and hardware, this manuscript focuses on de-
scribing some critical hardware components. I will present several on going re-
search on actuation and sensor solutions for soft robotics application as well as
novel methods and materials for sensor and actuation integration.

Soft Robotics for Bio-mimicry of Esophageal Swallowing

Steven Dirven', Weiliang Xu', Leo Cheng’

! Department of Mechanical Engineering, The University of Auckland

? Auckland Bioengineering Institute, The University of Auckland

Abstract The field of soft robotics is continuing to expand into exploring the
possibilities for novel, non-skeletal, transport and locomotion systems inspired by
biological phenomena. Application of these techniques toward development of an
anthropomorphic esophageal swallowing robot requires overcoming of many soft
robotic design and characterization challenges. Additionally, soft-robots require
vastly different methods of specification and validation than traditional robots, as
they typically exhibit less well-defined degrees of freedom. This chapter reveals a
series of novel methods to: establish interdisciplinary specifications for the esoph-
ageal swallowing process, develop a soft robotic analogue in the engineering do-
main, and demonstrate its capability.
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3 New Concepts for Distributed Actuators and Their Control

Welf-Guntram Drossel, Holger Schlegel, Michael Walther, Philipp
Zimmermann, André Bucht

Fraunhofer Institute for Machine Tools and Forming Technology IWU, Chemnitz

Abstract Recently, decreasing costs for robots and control components have led
to a broader acceptance of different kinds of robots. Hence, various fields of ap-
plication start to flourish. As this is especially true for the field of service robotics
it is typically implying an increasing physical human-machine-interaction. In this
case a soft appearance yields major benefits, as it prevents injuries corresponding
to an inherent safety of the system and, in theory, enables the robot to obtain vir-
tually unlimited degrees of freedom. In this chapter the possibilities of the use of
shape memory alloys for distributed actuators will be discussed by reference to
application examples and implications for the control of such systems will be
pointed out in detail.

3.1 Introduction

For decades, industrial robots are one of the main drivers for the ongoing automa-
tion of production processes. In the beginning, the automotive industry with its
high demand for automated processes was the pacesetter for the development of
new and improved robots. Meanwhile, the decreased costs for robots and control
components led to a much broader acceptance of different kinds of robots in dif-
ferent fields of application. Especially in the last few years, one market growing
rapidly is service robotics. Service applications are very often characterized by di-
rect human-machine-interaction. In this context the safety for humans directly in
contact with the robot will be essential. Current developments therefore focus on
integrated sensor and control solutions aiming at the avoidance of collisions and
minimization of the impact in case of unwanted contact between human and ma-
chine. However, the safety derived from the use of sensors and control algorithms
is not an inherent safety. In case of collisions conventional stiff structures, as
commonly used at present, can create a huge force. This is critical, especially in
collisions with soft objects like human bodies for instance. Latest research there-
fore focuses on solutions for so called soft structures which can create an inherent
safety. Soft structures are nature-like elastic objects made of polymers or other
soft materials. Nevertheless, the use of compliant structures causes drawbacks in
precision and obtainable forces. To overcome conventional stiff supporting struc-
tures there is a need for actuators which work precisely as well as achieving large

A. Verl et al. (eds.), Soft Robotics, DOI 10.1007/978-3-662-44506-8_3,
© Springer-Verlag Berlin Heidelberg 2015
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forces. Conventional actuator technologies like electric drives are not suitable for
elastic bodies with a nearly infinite number of degrees of freedom (DOF). Instead
an actuator technology is needed which provides the possibility to design distrib-
uted actuators with a high level of structural integration and a soft characteristic
similar to the surrounding structure.

Smart materials like dielectric elastomers (EAP) or shape memory alloys
(SMA) are able to convert electrical energy into a mechanical reaction without a
copper inductor or any kind of magnetic material. In contrast they possess a natu-
rally given elasticity as well as the possibility to integrate actuator elements into
the structure. Due to this, smart materials are suitable for the use as actuators in
soft robotic structures. The actuating performance of smart materials is given by
the stress and the strain which can be created for actuating use. Fig. 3.1 shows a
comparison of different smart materials. It is obvious that the obtainable stress and
strain varies clearly for the different materials. Hence, the different smart materi-
als are not in a direct competition, in fact they complement one another.
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Fig. 3.1 Actuator performance of different smart materials (source: DARPA and SRI Internation-

al)

In this chapter, the potential as well as the limitations of the use of shape memory
alloys in soft robotic structures will be discussed. A short overview concerning the
material basics is given, followed by some mechanical and control design rules
which have to be considered for the design of SMA actuator systems. One of the
unique features of SMA is the integrability. This chapter shows an approach for
producing SMA actuator structures with distributed actuator elements using textile
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manufacturing processes. Finally, this chapter discusses some aspects regarding
control concepts for distributed actuators.

3.2 Shape Memory Alloys as Flexible Actuators

3.2.1 Basics

Thermal shape memory alloys have the special ability to 'remember' and reassume
their original shape. After experiencing a permanent plastic distortion below a
specific critical temperature the shape can subsequently be reattained by means of
heating up above this temperature. A reversible austenite-martensite phase trans-
formation is required for the development of the shape memory effect. Analogous
to steel, the high temperature phase is called austenite and the low temperature
phase is called martensite. In an ideal situation the austenite phase will be convert-
ed into the martensite phase as a result of shear. Due to diffusion-free rearrange-
ment processes on the molecular level, this generates a change in the stacking se-
quence of the crystal lattice levels and therefore a change in the structure of the
crystal lattice.

Heating the SMA actuator, for instance a wire, then causes the described phase
transition shown in Fig. 3.2a. The transformation from martensite into austenite
starts at the temperature A and is finished at Ar. Above the austenite finish-
temperature the lattice structure is fully austenitic. During this process, some
thermal energy is converted into mechanical energy and can be used for actuation.
Cooling down the wire induces the re-transformation from austenite to martensite.
It starts at temperature M and is finished when the martensite finish temperature
Mg is reached. The hysteresis effect within the temperature regime is shown in
Fig. 3.2a. The absolute values of the temperatures strongly depend on the alloy
composition and the heat treatment process previous to the application. Values for
commonly used alloys are given in table 3.1. The material most commonly applied
is NiTi, also called Nitinol. NiTi is commercially available as wire, rod, tube or
sheet. Actuator bodies can be made out of these semi-finished products by various
processes.

Due to the different lattice structures, two different stress-strain-curves exist as
shown in Fig. 3.2b. In the low-temperature martensitic phase a small linear in-
crease region is followed by a so-called plateau-stress where the wire can easily be
deformed, almost without increasing the applied external stress. After resetting the
stress to zero, a plastic distortion remains within the wire. In the high temperature
austenitic phase the linear increase region is significantly wider, the Young's
modulus is two to three times higher. Furthermore, applying a high amount of
stress will cause a so called super-elastic behavior.
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Fig. 3.2 Characteristics of shape memory alloys

Table 3.1 Transition temperatures of different SMAs [9, 10]

SMA  Transformation temperature A¢ in °C  Hysteresis A — Mg in K

NiTi —-100...120 15...30
NiTiCu -100...120 10...20
CuAlINi —-150...200 20...30
CuZnAl —200...120 10...20

During the phase transition from martensite to austenite, via heating, the wire is
able to perform mechanical work. The amount of work depends on the mechanical
boundary conditions of the wire. In the case of a free wire the resulting work will
be zero, but the actuator deformation would be at the maximum. In contrast,
blocking the wire will cause a very high actuation force but no deformation. The
resulting work output will also be zero. Using a spring with a defined stiffness as
boundary element instead causes a deformation as well as a reaction force and
therefore results in a usable workload. The amount of that workload depends on
the stress-strain-curves of the used material and the design of the spring. The me-
chanical design of such actuators has been described previously and details can be
found in [1].

Pre-stretched one-way SMA wires contract by heating above a certain austenite
start temperature. However, without an applied load these wires do not reattain
their original position upon cooling. Systems using one-way SMA wires therefore
have to be used in combination with a force creating, pull-back component such as
an applied constant load or mass, a spring, or an antagonistically arranged second
SMA wire.
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3.2.2  Control Design

The material behavior of SMAs is strongly nonlinear, which results in a relatively
ambitious request for position control realization. Nevertheless linear control ap-
proaches as described in [8] are a suitable choice. This is owed to the simplicity of
the algorithms and the possibility to optimize the controller by adjusting only a
few parameters. Furthermore, such control algorithms are relatively robust con-
cerning possible variations in actuator parameters. Overall, linear controllers offer
the possibility to realize adequate closed loop controls without profound
knowledge in control design.

External Sensing

Controlled drives for positioning applications always require a closed loop control
of the actual position. Due to the high precision demands of most applications the
control path necessitates an accurate external position sensor. This can be
achieved by a laser triangulation sensor for example. Under certain circumstances
as described in [13] the control loop of an SMA wire can be described by a simple
first order lag element that can be controlled by a simple PI-controller. However,
the integral part of the controller is always set as a compromise between heating
and cooling and would be different for the three previously mentioned actuator
principles. Due to the necessary comparability of the actuator principles, this work
only focuses on the application of simple proportional controllers. Fig. 3.3 shows
the simplified control loop of a single SMA wire that consists of a PI-controller, a
power limitation, and the control path as a first order lag element.

Tref € Pel 1 Tact
kP ' / > 1+Tys I '

Fig. 3.3 Simplified control loop of an SMA wire

Internal resistance feedback

SMA control loops can be designed without an external position sensor, because
the material possesses the ability to gain information about the actual stroke by
measuring the resistance [12]. During the phase transformation from martensitic to
austenitic lattice, and the involved changes in the structure of the SMA material,
the status of transformation correlates with the electrical resistance. The lattice
structure in the austenitic state is more regular than in the martensitic state. There-
fore, the specific electrical resistance of austenite is significantly lower than the
one of martensite. The information about the actual wire stroke can be determined
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by measuring the electrical resistance during positioning operations. Compared to
the implementation of an external position sensor, this method can be achieved by
significantly less effort, because an electrical interface is already needed to control
the power input of the actuator.

As shown in the references [8] and [17], there are different possibilities to
model the length-resistance-correlation of SMA wires. This varies from elemen-
tary linear approaches to complex approaches considering the temperature influ-
ences on the specific resistance and the changing geometry during the deformation
of the wire. According to the intended application an implementation on a rapid
prototyping system is necessary. In combination with the requirements regarding
the positioning accuracy of the intended positioning devices using a linear ap-
proach seems to be adequate. In [1] a linear interpolation of the specific resistance
from martensite p,, to austenite p, is given with the starting wire length L, and
the wire cross section 4, by:

Lo

R=[$(.DM+(1_E)'pA]'E (1)

The elimination of the martensite amount ¢ results in a linear correlation of wire
length and resistance:

L=LM_

ALref
st (Ry = R) @)

In this equation AL,.; and AR, are the maximal differences of the wire re-
sistance and the achievable stroke during the phase transformation (see Fig. 3.4).
Implementing the correlation to transform a given reference position L.s into a
reference resistance R,..; results in:

ARref
ALyef Lref (3)

It has to be remarked, that the reference position L,.; always represents a contrac-
tion of the wire and decreases from the maximum wire length in the full martensit-
ic state. The required resistance and stroke values can be determined by measure-
ments or calculations, regarding the geometrical dimensions and the material
parameters of the wire. The control structure equals the control loop in Fig. 3.3
with an additional resistance calculation in the feedback loop.

Rref =Ry —

Control concept for antagonistic wires

The existence of two SMA actuators in an antagonistic arrangement necessitates
an enlargement of the control path by an additional first order lag element that rep-
resents the second SMA wire. The wires are coupled at their mechanical output as
shown in Fig. 3.5. As described in [17] the phase transition temperatures of SMAs
increase with increasing tension. This correlation possesses the ability to raise the-
se temperatures in the first wire by heating the second [11]. Due to the increasing
difference between ambient and phase transformation temperatures in the first
wire, the transformation from austenite to martensite will occur faster. The control
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concept bases on splitting the control value to benefit from this effect. Fig. 3.5
shows that the first actuator only acts in case of positive control values and the se-
cond actuator only acts for negative values.
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Fig. 3.4 Length-resistance-correlation (X2 wire from Memry)
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Fig. 3.5 Control concept for an antagonistic arrangement

Due to the coupling between the SMA wires it has to be considered that only one
wire is heated at a certain time. This is realized by the limitation of the mechanical
tension between the wires. If the tension exceeds a defined constant the control
value is set to zero either until the tension decreases, or the control values indicate
changes.

3.2.3  Structural Integration

Most SMA applications have a limited number of DOFs and their positions are
fixed. The actuating wires are fixed straight to well defined points of force trans-
mission. Bionic approaches, like exemplarily shown in Fig. 3.6, need completely
different design processes. In [18] and [3] approaches are given which are each
based on woven structures in combination with SMA springs. Reference [18] pre-
sents a mesh-worm prototype making use of an antagonistic actuation scheme in-
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spired by the hydro-stat skeleton of oligochaetes. According to the bionic example
a mesh structure with two groups of muscle fibers is utilized, consisting of four
longitudinal muscle fibers on the inside and a circumferential fiber wrapped
around the outside of the mesh tube. The octopus robot shown in [3] comprises
both cable-driven actuation systems globally, and SMA spring actuators locally.
This hybrid actuation system is yielded by a braided sheath also featuring soft sen-
sors based on Electrolycra, which is a textile material whose conductivity depends
on how tightly it is stretched.

Fig. 3.6 Soft-bodied robot inspired by the morphology and behaviour of the octopus [3]

The production of bionic applications is a crucial challenge besides their design.
Single prototypes are manufactured by hand. Thus, the arrangement of the actuat-
ing elements can be shaped freely, with limitations only set by kinematic require-
ments and the available installation space. With such freely shaped soft structures
building the basis for the construction of robots, manual production is not cost-
effective. One possibility for a cost-effective production lies within the usage of
textile processing technologies. The processing of metallic threads is basically
possible, even if the typical pseudo-plastic and pseudo-elastic behavior of the
shape memory wires constrain the processing. Fig. 3.7 shows a shape memory al-
loy sleeve produced by an automatic circular knitting process. The SMA wires are
embedded axially into the textile structure and are fixed by the textile knitted fab-
ric. The SMA sleeve is intended to be used for surgical suction. The surgeon can
shape the suction sleeve into any form to ease the entering in minimally invasive
surgeries. After the surgery the suction sleeve is autoclaved and returns to its orig-
inal shape due to the heat generated by the autoclave cleaning. At the moment, the
surgical aspirator is tested medically. With an active control of single SMA wires,
the principle can also be used in reverse. Hence, the sleeve can then be applied as
an active controllable structure.
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SMA wire Inner tube

(a) Schematic view (b) Circular knitted sample

Fig. 3.7 SMA sleeve manufactured by a circular knitting process

What's more, the automatic production of textile 2D pre-products with integrated
shape memory material is possible. During a joint research project with the Insti-
tute for Special Textiles and Flexible Materials Thiiringen-Vogtland (TITV) the
Fraunhofer IWU was able to show that processes like knitting, weaving and knot-
ting are principally suitable for this approach. Fig. 3.8 shows samples of the hy-
brid structures mentioned above. By controlling the embedded SMA wires the
stiffness and the geometry of the pre-products can be influenced. Subsequent re-
search aims at adaptive bandages and ortheses with adjustable supporting effects,
which enhance the healing process. Moreover, it has to be shown to what extent
such textile pre-products will be feasible as a basis for soft structures. In contrast
to prototypical approaches (cf. Fig. 3.6 and 3.7) these automatically manufactured
actuating elements cannot be positioned freely. In fact manufacturing possibilities
and limitations have to be considered alongside the kinematic dimensioning of the
structure. Embedded actuators can only be arranged within the textile where the
automatic feed of the SMA wires is possible.

(a) Woven fabric (b) Stitched sample

Fig. 3.8 Hybrid 2D textiles with integrated SMA wires

In general, textile structures show highly oriented stiffness values. On the one
hand it is possible to reach high stiffness values in the pulling direction. On the
other hand the stiffness will be much lower in lateral or push direction. This char-
acteristic destines textile structures as basic elements for soft structures. To fulfill
the requirements regarding precision and bearing capacity additional load bearing
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elements have to be provided for robotic applications. One option lies within the
partial or complete embedding of the hybrid textile into a polymer matrix. Many
approaches addressing this subject are covered by current research literature. It is
shown that embedding SMA elements, based on prototypical processes, is feasible
and offers various design options of the directional stiffnesses of the composite
structure. Processing technologies which are suitable for industrial production are
not yet available. However, they are moving into the focus of current research.

The use of shape memory actuators allows the design of active structures with a
vast amount of degrees of freedom. The simplicity of the single actuating elements
results in large creative leeway. A controlled movement will only be achieved by
the setup of appropriate powerful control algorithms.

3.3 Control and Feedback Control of Distributed Actuators

Another focus of this chapter is devoted to the control of a specified motion of a
structure, e. g. a robot arm, with distributed actuators. The control problem con-
sists of three main tasks: the selection of the mechanical structure, path planning,
and the feedback control of the SMA elements [4]. The definition of a mechanical
structure includes:

Selection of numbers and degrees of freedom (rotational or translational motion)
of SMA actuators

Combination of multiple SMA elements to achieve higher elements of the kine-
matic chain, for instance joints

Measures to increase the force or work space respectively manipulability

A crucial point when planning a robot system is the generation of the robot path
out of the requirements in the selected environment. The basic sequence of a path
planning process is shown in Fig. 3.9. The work plan synergizes user knowledge
and automated design methodology. The starting point of the iterative process is a
model that represents the selection of the kinematic elements, including the com-
bined SMA elements, and the working space respectively the environment.

In this model, desired target points can be defined and used for the calculation
of a draft of the TCP path. In a first user interaction, a basic structure of the han-
dling device or robot kinematics can be set. Based on the selected mechanical
structure the path of the manipulator is planned in the next step. Methods of dy-
namic calculation and collision avoidance are included. The final path should be
collision free and abide by physical limitations, e. g. hardware or acceleration lim-
its, as well as taking into account deformations caused by the own weight or ex-
ternal loads, for instance, tools. Due to the reasons mentioned before, optimization
approaches will be applied to the calculation of the path [14, 16].
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Fig. 3.9 Iterative procedure for path planning and selection of kinematic elements

In the next step, the robot kinematics and the calculated path can be visualized and
evaluated concerning collisions and accessibility in form of a second user interac-
tion. Possibly occurring collisions can be detected, presented to the user in a con-
centrated form, and finally, extracted. At this point it is the decision of the user
whether the solution is satisfactory or needs to be re-optimized. The illustrated
process is performed by an adaptation of the kinematic structure, building on the
optimized TCP paths.

The complexity of the feedback control problem is reduced by the task-oriented
subdivision of the SMAs, e. g. as single joint or movement direction. These collo-
cations are controlled individually, as shown in Fig. 3.10. However, a multi-
variable controller is necessary, because most tasks are not possible to be fulfilled
by a single SMA unit.
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Fig. 3.10 Feedback control of SMA collocations

The collocation should include a task oriented measurement unit. Since the meas-
urement is not easy to perform, or potentially there is no direct measurement to be
found or realizable in an affordable way. This is why it is common in literature to
apply an observer [5, 6, 15]. It is fed by the actuating variable and the resistance
measurement based output of each SMA and the task oriented measurement value.
The model needed for the observer needs to include the kinematics but has to be
more detailed than the one used for path planning.

A multi-variable control is super-ordinated to the inner resistance control loops
of the SMA. The controller should be designed robustly, e. g. according to H,,.
Adaptive control concepts may also be taken into account. Moreover, standard
controllers could be used, but then the control allocation problem comes into fo-
cus. The control output, in terms of the manipulated variable, has to be distributed
among the redundant SMA units taking into account the individual limits and stat-
ic gains. A static and possibly nonlinear distribution could be considered. Addi-
tionally, there are several applicable optimization algorithms shown in literature,
mainly used for aircraft control [2, 7].

The collocation of SMA units may also comprise discretely switched SMA
units. They are more easy to realize and do not need feedback control. These can
be used to gain more force or stroke. Whereas the feedback controlled SMAs may
behave differently, resulting from kinematic influences like load changes or from
the state of the switched SMA, so that a variable structure control has to be con-
sidered to increase the performance.

With the collocations being controlled individually, the position xp¢p of the
end effector is not fed back. This may lead to a deviation from the desired position
due to the uncertainties in the overall kinematics. However, with modern industri-
al robots it is common to teach-in crucial positions for the process manually. Thus,
a less accurate absolute positioning is tolerable.
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3.4 Conclusions and Outlook

Existing approaches already address the integration of shape memory actuators in-
to single flexible structures and their successful control. Nevertheless, to fully take
advantage of the inherent possibilities of soft robotic systems, a complete integra-
tion approach is to be examined in future research. An advanced control circuit
has to be set up to efficiently operate the adaptive system as a whole. A control
loop for each single wire, and a supervisory loop for each group of wires within
one actuation element have to be designed and optimized. Finally an optimized
overall control has to be set up for the complete set of actuating elements to oper-
ate the entire flexible structure safely and efficiently.

Turning to shape memory actuators the use of distributed actuating concepts in
particular yields the opportunity to overcome the dynamic limitations of conven-
tional actuating approaches. As can be expected, the usually critical value of the
cooling time of the SMA wire limits the dynamics of the system to a certain ex-
tent. Obviously, the use of numerous actuating elements easily overcomes this ob-
stacle by operating the different elements with a defined time delay.
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Robots
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Abstract The cutting-edge robotic technology can deal with a lot of complex
tasks. However, one of the most challenging technological obstacles in robotics is
the development of soft actuators. Remaining challenges in the field of drive tech-
nology can be overcome with innovative actuator concepts, for example dielectric
elastomer actuators (DEAs). DEAs show numerous advantages in comparison to
prevailing robotic actuators that are based on geared servomotors: They are form-
flexible, inherently compliant, can store and recuperate kinetic energy, feature
high power-to-weight ratio and high energy density that is comparable to human
skeletal muscles, and finally can be designed to perform natural motion patterns
other than rotation. In this article, after a review on disadvantages of state-of-art
robotic drives, which are stimulus for a research on the promising drive solution,
benefits of DEAs will be presented with regard to the possibility of applications in
soft robotics. Finally, the article will conclude with a brief report on the ongoing
research effort at the Institute for Factory Automation and Production Systems
(FAPS) with two major foci — the development of an automated manufacturing
process for stacked DEAs and a lightweight control hardware.

4.1 Drawbacks of Prevailing Robotic Actuators

Leading-edge high-DOF robotic systems show a broad set of astonishing capabili-
ties, such as walking in rough and randomly structured terrain or grasping objects
adaptively by merging multi-modal sensory data. However, most of the robotic
systems today are actuated by prevailing geared servomotors, hydraulic or pneu-
matic actuator systems.

The performance of these robot systems is usually impaired due to technologi-
cal limitations of these actuators: Their dynamics and agility are severely limited
primarily due to their poor power-to-weight ratio and rigid kinematics. Also, near-
ly none of the established robotic systems can be operated untethered for a suffi-
cient amount of time and range distance. Furthermore, many mechatronic pros-
thetic devices driven by geared servomotors are affected by lack of compliance
due to the rigidly coupled mechanical components, for example finger elements in
active prosthetic hands. [1]
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Reasons for the widespread application of the established geared servomotors
are manifold: straightforwardness, precision and availability. First of all, the phys-
ical behavior of the electromechanical drives is well understood to a great extent,
which simplifies their modeling, control and implementation in robotic systems.
Secondly, high gear ratio enables a precise positioning of immediately coupled
kinematic elements and thus of the entire system. Finally, they are available in a
variety of performance categories and for any possible applications.

However, the major dilemma regarding this kind of robotic actuators is that the
system architecture of a small, lightweight, efficient and fine positionable servo-
motors often operates optimally at a higher rotational speed range with lower tor-
ques. A typical robotic application on the contrary requires smaller displacements
at higher torques. In order to gain higher torques at the cost of angular speed, pre-
cision gears are inevitable for such driving units. Unfortunately, the mechanical
elements for power transmission severely impair the overall dynamics and the
backdrivability of servomotors [2]. Some lightweight gears might feature a desira-
ble performance-to-weight ratio, but they are not capable of enduring cyclic, fluc-
tuating mechanical impulses, for example recoil forces that a humanoid robot
would experience during a bipedal walking.

This drawback of geared servomotors with regard to dynamics and capability
of enduring impulsive loads has been addressed by numerous research efforts uti-
lizing elastic mechanical elements such as springs, chains or cables that are con-
nected in series with other rigid components. However, these serial elastic actua-
tors (SEA) pose an additional mass to a robotic system and therefore worsen the
overall specific power of the system.

In order to achieve a higher dynamic capability, hydraulic or pneumatic actua-
tors are often applied in robotic systems. They feature a comparatively higher en-
ergy density [3] and can thus contribute to reducing inertia of moving extremities
in a robotic system. Furthermore, with hydraulic or pneumatic drives a compliant
actuation behavior can be realized. However, the advantages of hydraulic or
pneumatic systems are attended by severe disadvantages, such as low overall effi-
ciency that impedes an energy autarkic, untethered operation of robotic systems,
unless a mobile combustion engine is used, which entails other drawbacks [4].

In conclusion, future robotic systems urgently require a new generation of in-
novative drive systems that is dynamic, lightweight, energy efficient and above
all, inherently compliant. With regard to this immediate need, dielectric elastomer
actuators (DEAs), a kind of electroactive polymeric composite system, depict a
considerably promising solution. In following, after a brief description of DEAs
and their functional principles, advantageous attributes and technological poten-
tials of DEAs will be discussed, which encourage their application in soft robotic
systems.
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4.2 Benefits of DEAs in Soft Robotics

Dielectric elastomer actuators belong to a category of electroactive polymers
(EAPs), which is a functionalized material that can perform a mechanical work
with electric energy. Principally, a single DEA element can be described as a flex-
ible planar capacitor that consists of two form flexible conducting electrodes (usu-
ally a few microns thin layers of carbon grease or graphite powder) and an elasto-
meric dielectric material (e.g. silicone rubbers) in between those electrodes.
Despite the complexity of electromechanical effect in a DEA that involves dialec-
tic polarization and electrostriction in the dielectric layer, a basic working princi-
ple of a DEA can well be described with a simplified equation shown below, with
following physical parameters:

2
2
p=et B =66, — (1)

Maxwell pressure for actuation of DEA p
Absolute permittivity of vacuum &,

Relative permittivity of dielectrics in DEA ¢,
Electric field £

Actuation voltage U, and

Thickness of the dielectric layer z

When an electric voltage — in the range of a few kilovolts depending on relative
permittivity, electric breakdown strength and thickness of the dielectric layer — is
applied across the two conductible electrodes, the dielectric layer will be com-
pressed as the differently polarized electrodes are attracted to each other. In addi-
tion, electrostriction occurs in the dielectric medium and contributes to the overall
deformation of DEA. Under the assumption that the dielectric material is isotropic
and incompressible, the electrically induced deformation of DEA in both x- and y-
directions will lead to a mechanical stroke in the orthogonal direction, i.e. contrac-
tile motion.

In addition to this effect that can be utilized as a linear drive, DEAs have a
wide spectrum of advantageous properties that can contribute to next-generation
robotic systems. In following, benefits of DEAs that make them a promising drive
solution will be discussed in various technological perspectives.

4.2.1  Capability of Energy Recuperation
Due to their inherent elasticity, DEA are form flexible and therefore able to de-

form under external loads. The mechanical load can be saved as elastic potential
energy and used in next movement. Prevailing robotic systems that are equipped
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with ordinary geared servomotors should overcome the moment of inertia of their
rigid kinematic components after every movement by mechanically decelerating
the rotational drives in joints, through which the kinetic energy is inevitably dissi-
pated in terms of waste heat. On the contrary, DEAs can recuperate a part of kinet-
ic energy at the end of an actuation, so that the overall energy efficiency of a ro-
botic system can be drastically enhanced. Moreover, the inherent elasticity can be
utilized not only to recuperate kinetic energy but also to actively harvest electric
energy through a mechanical deformation of a DEA.

4.2.2  Intrinsic Compliance and Adaptability

Another favorable mechanical characteristic of DEAs that can be derived from the
material elasticity is their intrinsic compliance, i.e. the ability to yield to an ap-
plied force without the help of a sophisticated control algorithm or other mechani-
cal elements with elasticity such as springs. With regard to robotic application,
this can significantly contribute to safety of robotic systems that operate in the vi-
cinity of human, e.g. collaborative robots in an assisted assembly process or per-
sonal assistant robots. Along with the inherent compliance that is described above,
DEAs are also form flexible. This advantageous characteristic of DEAs can espe-
cially be exploited in adaptive gripping systems that are capable of grasping un-
known objects with random, unstructured geometry and texture ad hoc. In combi-
nation with an intelligent sensor technology, such as a stereoscopic vision system,
DEAs can build an adaptive gripping system that features a high error tolerance
and the capability of in situ adaptation.

4.2.3  Outstanding Power-to-Weight Ratio

In contrast to serial elastic actuators involving rigid mechanical drive elements,
e.g. electric servomotors, gears and springs, DEAs can generate mechanical force
but still remain compliant and remarkably lightweight. An extensive overview of
the specific properties of various actuator materials can be found in [5]. For in-
stance, a silicone based, pre-strained dielectric elastomer can even surpass a hu-
man skeletal muscle in terms of the specific elastic energy density [6, 7]. Next to
the capability of energy recuperation, the high power-to-weight ratio is also a dis-
tinguishing property of DEAs that can enhance the overall efficiency of a robotic
system.

4.2.4  Capability of Self-sensing

A DEA can also function as a dielectric elastomer sensor (DES) at the same time,
which is a capacitive tactile or strain sensor. A wide spectrum of sensor applica-
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tions of dielectric elastomer can be found in [8]. If a DES deforms under a me-
chanical load, the distance between two compliant electrodes will be reduced and
the capacity will change accordingly. With the relationship between force, defor-
mation and electric field strength known, a change of the capacity can be inter-
preted as force and strain. Unlike widespread robotic drives with integrated poten-
tiometers, DEAs are capable of recognizing its current state of itself without
additional sensory devices, while the control of such multi-degree of freedom kin-
ematic system will not be trivial [8, 9].

4.2.5 Noiseless Actuation

DEAs can function without emitting noises, as they do not involve any moving
mechanical parts. This might be an important requirement for robotic systems that
are to be applied next to human, e.g. personal service robots.

4.3 Current Research Efforts

In this section, the current research project at the Institute of Factory Automation
and Production Systems (FAPS) on DEAs will be presented. The project deals
with two main topics: automatic manufacturing of DEAs and lightweight control
hardware.

4.3.1 Manufacturing Artificial Muscles Based on DEA

In order to develop a macroscopic drive system that are capable of driving a com-
plex kinematic system (“artificial muscle” for robotic systems), a vast number of
multiple DEAs should be piled over each other to build a “stacked” DEA. The hi-
erarchic structure of human skeletal muscles is considered as a useful analogous
model of a macroscopic actuator that consists of numerous smallest contractile el-
ements (Fig. 4.1). One of the important research goals in the development of
stacked multilayer DEA is minimizing the actuation voltage. As the equation
above already implies, the first option to achieve a required actuation pressure
with a low voltage is reducing the thickness of the dielectric material (z) below
100 pm [10]. The main technologic challenge here is producing microns thin ho-
mogenous layers from different materials — dielectrics and functionalized dielec-
trics working as conducting electrodes stacked over each other in alternating se-
quence — without losing the adhesion between these layers and thus the integrity
of the whole materials system.
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Hierarchic Structure of the Human Skeletal Muscles
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Fig. 4.1 Biomimetically inspired design scheme of DEA based artificial muscle.
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Fig. 4.2 Principal scheme of manufacturing stacked DEAs with multi-component Aerosol Jet
Printing.

To exploit the suitability to create homogeneous layers with a broad variety of ma-
terials [11], the automated manufacturing of multilayer DEAs using Aerosol Jet
printing is being investigated to build up complex structured stack actuators
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(Fig. 4.2). First experiments have been carried out using a commercially available
silicone based elastomer to achieve a layer thickness below 10 um. A detailed de-
scription of the results can be found in [12].

4.3.2  Lightweight Power Electronics

Another key aspect of this ongoing research is the development of lightweight
power electronics with a long-term objective of integrating DEAs in a mobile ro-
botic system. In order to prevent an impairment of the overall specific power and
the energy efficiency of a complex kinematic system, a large number of actuators
should be driven by smallest possible number of power sources, which pose a con-
siderable additional mass.

Therefore, one single high-voltage source (a DC-DC converter) is implement-
ed, while independent contraction of individual DEA is realized with a control
hardware in combination with a pulse width modulated (PWM) signals (Fig. 4.3).
Using PWM, DC-DC converters for each DEA can be substituted by a simpler and
lightweight control hardware that consists of a single power source and light-
weight semiconductor elements like optocouplers [13] or metal oxide-field-
semiconductor field-effect transistors (MOSFET) for each actuator. The usage of
PWM might also allow a simultaneous monitoring of the DEA activity by compar-
ing the measured capacity of each actuator with the known PWM input signal.

High-Voltage
DC-DC Converter

PWM
Controller

-.‘V s

Communication \Q/;\ MOSFETs

Interface

Fig. 4.3 Hardware for pulse width modulated control of multiple DEAs.
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4.4 Summary and Future Challenges

This article has given a brief account of motivations and visions of using DEAs as
“soft” drive system for “soft” robotic systems. Taking advantage of their favorable
properties, such as intrinsic material compliance, adaptability, high energy effi-
ciency and power-to-weight ratio, DEAs show a promising potential of application
in soft robotics. The preliminary results, along with other achievements of other
research groups cited above, support the idea of building “artificial muscles” of
next-generation robotics systems based on DEAs.

The focus of upcoming research efforts will be on further development of an
automated manufacturing process using the Aerosol Jet printing and its optimiza-
tion in respect of the quality and interlayer integrity of the stacked DEAs. The
next step will be topologic design and realization of electromechanical interfaces
in the stack of DEAs. As regards the other main research area, the lightweight
power electronics and control systems will be continuously improved with help of
simulation and modeling of the electromechanically coupled mechanism in
stacked DEA.
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5 Musculoskeletal Robots and Wearable Devices on the Basis
of Cable-driven Actuators

Martin Haegele, Christophe Maufroy, Werner Kraus, Maik Siee, Jannis
Breuninger
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Abstract Cable-driven actuators are a promising alternative for future kinematic
designs, particularly when the combination of lightweight, high strength, compact
designs and dynamic motions are required. Powered exoskeletons or wearable ro-
bots are typical candidates of these novel actuators as has been demonstrated by
previous research. This chapter focusses on current work in cable-driven actuators,
introduces the Myorobotics toolkit for supporting the engineer to build up proto-
types from cable-actuates modules and gives an outlook to using cable-driven ac-
tuation for advanced wearable robots.

5.1 Introduction

Powered exoskeletons or wearable robots, handling aids, balancers etc. are re-
ferred to as robotic devices which are actuated mechanisms fulfilling the charac-
teristics of (collaborative) industrial robots or service robots, but lacking either
number of programmable axes or the required degree of automation or autonomy.

A powered exoskeleton may be defined as an active mechanical device that is
essentially anthropomorphic in nature, is “worn” by an operator and fits closely to
his or her body, and works in concert with the operator’s movements.

These kinematic machines are quite new, but may be considered as break-
through in various application areas from human augmentation for almost any
task, therapeutic aids, and interfaces for controlling or commanding complex ma-
chinery up to the implementation of some kind of tele-presence [1]. As devices for
human augmentation, exoskeletons could be used for example to ease the working
conditions of the ageing workforce by providing support during physically-
demanding manual tasks.

In recent years, cable-driven actuation has received significant attention, main-
ly due to advancements in high-strength cable materials which allow the transmis-
sion of high forces resulting in surprisingly high stiffness and power density,
therefore pushing lightweight designs of wearable devices.

The goal of this chapter is to characterize cable-driven kinematics in relation to
conventional robot designs, and to explore their use in the field of wearable devic-
es. In particular, recent research conducted at Fraunhofer IPA with respect to new
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kinds of kinematics and transmissions, as well as their applications to robotic de-
vices and exoskeletons is reported.

5.2 Short State of the Art: From Musculoskeletal Robots to
Wearable Devices

Musculoskeletal robots take their inspiration from the organization and properties
of the musculoskeletal systems of mammals and birds. These systems feature
lightweight structures and intrinsically compliant actuators, mimicking the proper-
ties of biological skeletons and muscles. Musculoskeletal robots offer several ad-
vantages in comparison to traditional robots. For instance, peak forces could be
reduced that may result from unexpected collisions of the robot with its environ-
ment. This is especially advantageous in situations where humans and robots work
in close proximity or need to interact, as it protects both the robot’s actuators and
the human user [2]. Compliant, spring-like operation of the actuators can also
greatly increase the energy efficiency during periodic motions - a crucial issue for
legged robots [3]. Finally, musculoskeletal robotic systems are useful as tools for
the study of the principles underlying motor control in animals, as technical test
beds used to test hypotheses or assumptions derived from neurobiological experi-
ments.

Numerous robots have been built based on musculoskeletal principles, includ-
ing compliant robotic arms (e.g. the Airic’s arm [4] by Festo, using pneumatic
muscles), legged robots (including the JenaWalker [5], the BioBiped [6] or the
pneumatic walking and jumping robots from Hosoda lab [7]), as well as full hu-
manoid robots (such as Kojiro [8], Kotaro [9] and ECCEROBOT [10, 11]).

Many of the mentioned designs are building on alternative transmissions com-
pared to classical robot designs composed of a high-torque servo motor and a low-
backlash reduction gear. These classical designs tend to be relatively expensive,
heavy, and bulky. Particularly, high ratio reduction gears have been a continuous
limitation to low-cost robot designs. Some selected examples on alternative robot
kinematic designs are depicted in Fig. 5.1. The bionic handling assistant with its
unique combination of body structure, actuation and generative manufacturing
process is activated through bellowed air chambers [12].

Another way of effectively producing motion is through enlacement. As an ex-
ample the simple Do-Helix mechanism achieves highest ratios of contractive force
to weight ratios. The Quad-Helix transmission combines two Do-Helix principles
on one shaft therefore allowing a full arm actuation with one motor only. As an
implementation example the light-weight Isella experimental robot arm is com-
posed of 4 Quad-Helix actuators producing 4 kinematic degrees of freedoms [13].

Apart from serial kinematics, parallel kinematics are equally subject to cable-
driven transmission leading to surprising stiffness, precision and dynamics of the
controlled end-effector [14]. Applications of these novel types of scalable, cost-
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effective parallel kinematics are seen in simulators, shipyards, logistics and gen-
eral high-speed manipulation.

The Bionic Handling Assistant and depiction of possible product visions
- = *

LY

A
_,f@y;j‘, Y

Cable-driven serial kinematics:
from Do-Helix (left) via Quad-Helix (center) to Isella.

(s

winch end-effector cable

Fig. 5.1 Examples of alternative robot kinematic designs. Principle of the bionic handling assis-
tant and configurations of cable-driven kinematic configurations

Similarly, the described challenges are subject of the Myorobotics project which
not only incorporates a new transmission design based on wires, but aims to de-
velop a “commercial-grade”, modular and reconfigurable toolkit, coined the “My-
orobotics Toolkit” [15, 16], for developing musculoskeletal robotic platforms. It is
designed to be used by experimenters of different disciplines and aims to allow
them to create, configure and operate their experimental systems based on their
individual needs. In addition to academic settings, the toolkit also targets the in-
dustrial sector for applications that require the capability to mimic biological
structures while maintaining high flexibility and reasonable costs.
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5.3 The Myorobotics Toolkit

5.3.1 Overview

The Myorobotics framework, illustrated in , is made up of the Design Primitives
Library (DPL), which regroups all the modular mechanical and electronic hard-
ware, and the Controller Library and MYODE. The latter bundles the software
tools that support typical tasks aimed at designing, simulating, operating and op-
timizing robotic assemblies. Three robots are shown as examples in the lower half
of Fig. 5.2, (from left to right: a 2-DoF arm, a monopod hopper and a quadruped
under development) to illustrate the kind of robots that can be built with the
toolkit.

In the following, we focus on the Design Primitives Library and present in
more details its modular components.

Design Primitives Library Controller Library and MYODE

Bones Joints

b, &0
= S

y
' N
N T _ =

Muscles Ganglion

Design, Simulate, Assemble, Operate, Optimize

_-_________-______
N e

Fig. 5.2 The Myorobotics framework provides a modular toolkit for users to be able to design,
assemble, simulate and operate customized musculoskeletal robots.
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5.3.2  Design Primitives Library (DPL)

The DPL regroups all the toolkit hardware, organized in engineered modules mak-
ing up the robot structure, actuation and sensing. In contrast to conventional ro-
bots, these modules, called Design Primitives (DPs), are strongly inspired by the
human and animal musculoskeletal system, allowing the user to create Myorobots
mimicking biological limbs. The toolkit organization aims to maintain as much as
possible the capability to design and build engineered bio-inspired robots, while
offering the modularity and flexibility offered by construction toolkits. The DPs
can be configured and then assembled to custom-made robots, using integrated
electromechanical interfaces that reduce cable clutter and simplify assembly. In
addition, the mechanical design and production of the DP strongly leverage addi-
tive manufacturing techniques, allowing cost effective production, optimized me-
chanical design and compact integration of the sensors. As these production tech-
niques are becoming widely accessible to the robotic community, we envision that
interested users will be able to produce most of the mechanics in-house and be
able to quickly develop additional customized modules for their specific applica-
tion.

So far, four types of design primitives have been implemented: MYO-Bone, MYO-
Joint, MYO-Muscle and MYO-Ganglion. These are illustrated in Fig. 5.3 and in-
troduced in more details in the following.

MYO-Bones are passive, lightweight and stiff mechanical structural modules
that are the basic building-blocks forming the kinematic chain or skeleton. They
are implemented using parallel carbon fiber-reinforced polymer (CFRP) tubes
bundled by transversal aluminum spacers.

/ MYO-Bone N MYO-Muscle )

MYO-Joints \

cr

Sym Hinge Asym. Hinge Plvot/

Structural Bond

Fig. 5.3 Illustration of the four types of Design Primitives (left boxes with continuous lines) and
the Structural Bond, the electromechanical interface used to connect MYO-Bones and MYO-
Joints (right box with broken lines).
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This allows the easy integration of the electric cabling and offers broad fixation
possibilities for MYO-Muscles or MY O-Ganglia. The ends of the MYO-Bone fea-
ture an electromechanical interface (coined Structural Bond) to mount MYO-
Joints.

MYO-Joints are passive mechanical connector modules, complementing the
MYO-Bone to form the skeleton of the robot. Several types of MYO-Joints are
envisioned, covering the diversity of articulations found in nature. So far, three
kinds of one degree of freedom (1-DoF) MYO-Joints have been developed: two
hinge joints, with symmetric (Sym. Hinge) and asymmetric (4sym. Hinge) angle
ranges, and a Pivot joint. All MYO-Joints feature ball bearings for low friction
operation and are equipped with absolute angle sensors. They also provide fixation
points for the attachment of the MYO-Muscle tendon cables.

An electromechanical interface, coined Structural Bond, was designed to con-
nect MYO-Bones and MYO-Joints (Fig. 5.3). Its mechanical interface, composed
of two conical flanges, is joined together by two conical clamps tightened with
two screws. Printed circuit boards with spring loaded contacts are integrated in the
flanges and establish the electrical connection together with the mechanical fixa-
tion.

MYO-Muscles are intrinsically-compliant actuators, implemented as Series
Elastic Actuators [17], i.e. with an elastic element arranged in series with the mus-
cle contractile element. MYO-Muscles are unidirectional actuators (i.e. they only
generate force under tension, not compression) connected to the skeleton using
HPPE cables, mimicking the function of the biological tendons. Bidirectional ac-
tuation of a joint therefore requires two antagonist muscles. The current imple-
mentation is shown in Fig 5.4. It is based on a geared brushless DC servo (com-
bined with a winch to wind up the tendon cable) and an exchangeable die spring
as a series elastic element. A sensor measuring the deflection of the spring enables
to compute the tension in the tendon cable connecting the MYO-Muscle to the
MY O-Joint. The spring deflection is measured with a precision of 15 pm.

exchangeable  3D-printed motor Tendon cable tension
die spring body (PA)  driver board sensing principle

S

brushless -7
DC motor towards sensor board
int MYO-Joint (i den)
erf. 4 inear encoder’
o e f'xat * !
n MY ton N e ——————— i

Fig. 5.4 Current implementation of the MYO-Muscle.
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Finally, the MYO-Ganglion is a high speed communication and data processing
unit able to collect local sensory information from other Design Primitives via
CAN bus (1 Mbit/s) and communicate with other MYO-Ganglia using the auto-
motive network communications protocol FlexRay (10 Mbit/s). It can also control
up to four MYO-Muscles and, like its biological analogue, allow the execution of
local, decentralized control strategies, such as reflexes.

Future visions regarding the use and capabilities of the Myorobotics toolkit
comprise the design of lightweight robot arms and wearable robots as is depicted
in Fig. 5.5. In the latter case, the Myorobotics toolkit could be especially useful
during the R&D and prototyping phase of the wearable robot design.

Fig. 5.5 Visions of lightweight compliant systems, including robot arms and wearable robots,
developed using the Myorobotics toolkit.

5.4 Wearable Cable-Driven Robots

Supporting systems for the lower limb were typically developed for two applica-
tions. On the one hand for military usage and on the other hand to allow paraple-
gics for an upright gait. Upper limb support expands the field of use for soft ro-
bots. Stationary passive motion machines are well known in rehabilitation. In the
last years, body-worn structures appeared to support the human in heavy manual
work. The goal is to avoid the damage of the human locomotion system. Com-
pared to the rehabilitation system, the soft robots have to be worn by the user,
transmit higher forces and have to provide more degrees of freedom.

In the last decade, several wearable robots based on cables appeared of which
four wearable cable-driven robots are displayed in Fig. 5.6. The muscle suit from
Koba Lab uses pneumatic artificial muscles in the back and Bowden cables for the
force transmission to the joint of the upper body support [18]. With a weight of
9 kg, the muscle suit enabled a person lifting up to 50 kg. The Harvard Biodesign
Laboratory already developed several generations of lower limb exoskeletons. The
latest system is a so called soft exosuit using textiles and cables as actuators [19].
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The ErgoSkeleton (formerly known as strongarm vest) is the product of the US
start-up strongarmtech. One cable per arm equipped with a braking mechanism re-
lieves the back in typical industrial handling applications. The system is passive
and therefore lightweight [20]. Exhaustive work on cable-driven exoskeletons is
performed by Agrawal Lab at Columbia University. The kinematic design of the
exoskeleton is inspired by a cable-driven parallel robot: The topology is parallel
and the cable tensions have to be taken into account [21].

Muscle Suit Soft Exosuit ErgoSkeleton Cable-driven exéskeleton
(Koba Lab)  (Harvard University) (Strongarmtech) (Uni. of Delaware)

Fig. 5.6 Examples of state of the art wearable cable-driven robots

The overview over the state of the art shows, that there exist already cable-driven
systems for lower limb as well as upper limb. The actuation principles reach from
passive system over pneumatic muscles to servo drives. The main application of
the research devices is rehabilitation. Strongarmtech focusses with its product on
the support of workers.

5.4.1 Requirements and Structure of a Body Worn Lifting Aid

The requirements of a lifting aid can be characterized by the load which has to be
manipulated and the performance in picks per hour as shown in Fig. 5.7. For ma-
nipulating heavy loads, lifting aids like rail-mounted cranes are well established.
As these objects are manipulated slowly, the control has not to be very dynamic.
For weights in a range between 20 to 200 kg, lifting aids like vacuum gripper are
generally used. Weights between 5 and 35 kg are quite common in industry and
logistic, as a human can lift these masses on his own. On the other hand, these ob-
jects are handled fast with average pick rates of up to 600 picks per hour which
adds up to 12 tons of goods per shift. As a consequence, there is a strong need to
unburden the worker.

The initial idea of the body worn lifting aid is shown in Fig. 5.7. The main
components are an active cable support for the arms. The cables are connected to
the wrist and guided via pulleys at shoulder to the actuator. The flexible spine
support takes over the cable forces and transmits the load to the body regions like
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pelvis and thighs. Additionally, the spine support acts like an orthotic. It supports
healthy body positions to avoid incorrect postures like round back.

__—Flexible spine

A Execution examples support
Load Rail- =
[kg] mounted I — ,Cabllejdrive.n
lifting aid
2000 " Actuator
\g\nd battery
AN\

\\ZDjoint
Body worn elvic-/
100 lifting aid leg strap

35 '
° -~ “ - glove

L

250 600 Performance [Picks/h]

Fig. 5.7 Load and dynamic requirements (left) and concept of the cable-based lifting aid (right)

In industrial environments like production, logistics in warehouse or airports, ad-
ditional requirements appear: lifting support for overhead work, which is particu-
larly demanding a constrained operation in environments such as containers with
obstacles (e.g. conveyor belts). This makes a body-fitting structure with minimal
interfering geometry suitable. These requirements lead to the transition to another
concept.

5.4.2 Body Worn Lifting Aid

The revised concept shown in Fig. 5.8 copies the topology of the human arm and
uses rotatory joints. It provides flexible force assistance where cables can only
provide forces in one direction. The basic idea is to assist in the direction of gravi-
ty and to keep the other degrees of freedom passive. This leads to two active joints
per arm: in the shoulder and in the elbow joint. The alignment of the rotatory axes
has to be optimized in a way, that the active joints bear the main part of the gravi-
tational force within the possible postures of the arm.

The base of the assistive system is put on like a backpack. The hard cover
back-support accommodates the transmission points at the shoulder and transmits
the forces to the trunk. Textiles have been suggested to provide wearing comfort
and full-area contact for force transmission. Variable connection elements to the
body allow for the adaption on different anthropometries.
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Fig. 5.8 New concept of the body worn lifting aid

Beside a lightweight design the intuitive control of the lifting aid is crucial for the
user acceptance. The system will be only accepted, when it does not slow down
the user during his work. The control has to distinguish between manipulation (ob-
ject is gripped) and free motion of the human without any load. Without load, the
lifting aid has to follow the arm movement.

During manipulation, the active joints have to support the gravitational force
and move the object in the desired direction. To measure the user intention, sen-
sors are integrated into the working glove. The next step in the current R&D-work
is the finalization of the concept, building and assessment of a prototype.
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6 Capacitive Tactile Proximity Sensing:
From Signal Processing to Applications in Manipulation
and Safe Human-Robot Interaction

Stefan Escaida Navarro, Bjorn Hein, and Heinz Woérn

Karlsruhe Institute of Technology (KIT)

Abstract Recently we have shown developments on capacitive tactile proximity
sensors (CTPS) and their applications. In this work we give an overview of these
developments and put them into a more general perspective, emphasizing what the
common grounds are for the different applications, i.e., preshaping and grasping,
haptic exploration as well as collision avoidance and safe human-robot interaction.
We discuss issues related to signal processing and the design of a smart skin for
the robot arm and its end-effector. On a higher level we discuss the concept of
proximity servoing and its use for the above mentioned applications.

6.1 Introduction

The concept of tactile proximity sensors evokes a vision of robotic systems that
can be made more autonomous and safer as well as more intuitive to program for
the human. Different to proximity sensing, vision and touch are two sensing mo-
dalities which are well investigated in robotics so far. Robotic applications without
vision are almost unthinkable and many of them are quite robust. Tactile sensing
is well established as well, especially to complement vision in grasping and inter-
action tasks. Still, there is a perception gap in the areas where vision is occluded
and where touch is not desirable or hindering for the task. Proximity sensing clos-
es this gap and provides continuous perception from events in the near vicinity of
the robot to the touch event. Implementing tactile and proximity sensing in one
sensor module allows to observe and model these events seamlessly. Because no
touch can occur without a prior approach phase, be it in grasping or interaction
tasks, it is promising to analyze these combined sensing in detail. In previous
works, the development of a modular capacitive tactile proximity sensor was
shown [3,4] enabling us to push research in this area.

For both sensing modalities, tactile and proximity, there have been many sens-
ing principles developed and used. For tactile sensing, capacitive (e.g. [4,10]) and
resistive technologies (e.g. [13]) are the most common. For proximity sensing, op-
tical (IR, e.g. [12]) and capacitive measurement principles (e.g. [8]) are widely
spread. Furthermore, multi-modal touch sensors that include proximity as well as
further modalities such as temperature [15,11,9] are popular design decisions to

A. Verl et al. (eds.), Soft Robotics, DOI 10.1007/978-3-662-44506-8_6,
© Springer-Verlag Berlin Heidelberg 2015
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extend the possible applications. Each technology has its advantages and disad-
vantages related to the physical effect exploited for measurement. The quality of
signals of IR sensors are dependent on reflectance and therefore they have prob-
lems with light-absorbing and mirroring surfaces. Capacitive sensing is suscepti-
ble to shape, material and size of the objects it perceives.

Recently, many preshaping applications for robotic gripper have been shown
based on proximity sensing; examples are [8,14], based on capacitive sensing and
[5,6], based on IR-sensing. Common to this research is that closed-loop control
methods are implemented that achieve a target relative configuration of the grip-
per to the object, that allows for robust grasping. Since this is a principle with a
broader range of applications than just preshaping we call it proximity servoing, as
discussed later in Section 6.3.1. Another important application is collision avoid-
ance. Early works are [15] and the milestone work by Lumelsky and Cheung [7].
The latter demonstrates how large areas of the robot exterior can be covered by an
array of IR-sensors enabling wide coverage of the robot surroundings and avoid-
ance of obstacles. Recent work includes [12] where a mobile platform uses an ar-
ray of IR-sensors to implement 360° perception for collision free navigation.

In the remainder of the chapter we want to give an overview of the areas of ap-
plications for CTPS, while also discussing aspects of the signal processing and the
physical design. We want to put some results of previous works into a more gen-
eral perspective as well and provide insights of how these results have to be con-
sidered for the implementation of future applications. Therefore the rest of the
chapter is organized as follows: in Section 6.2 we give an overview of the signal
processing. Then, in Section 6.3, we review the applications we have developed so
far with our sensor system. Finally, in Section 6.4, we give concluding remarks as
well as discussing in which direction our future research will go.

6.2 Signal Processing and Feature Extraction

Signal processing and feature extraction are important for us to investigate, be-
cause this topic is intertwined with the design of the sensor and has ramifications
for the applications which we want to implement. Especially challenging regard-
ing capacitive proximity sensors is the correct extraction of the desired infor-
mation from the sensor signals, i.e., the relative pose of objects or obstacles. The
main issue is the dependency of the measured signal on the object’s material, size,
shape and pose with respect to the sensor. As discussed in Section 6.1, alternative
measuring principles like IR-based suffer from similar issues. One of the main
sensor design decisions that helps in dealing with these issues is the implementa-
tion of a spatial resolution, i.e., arranging several sensors as arrays on the surface
of the robot and within the end-effector (e.g. gripper). We call a single element of
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such an array proxel.' In [3] a modular sensor design was presented with which it
is possible to build such an array. It should be considered zow the sensors are ar-
ranged in order to facilitate the extraction of the desired features, while the func-
tional aspect and mechanical design of robot arms and grippers also have to be
taken into account. Fig. 6.1 shows how a planar proximity sensor array produces a
Jforeground image related to the size and pose of a human hand.

Fig. 6.1 Left: A human hand as it interacts with an arrangement of 3 x 16 tactile proximity sen-
sors [1]. The electronics for signal processing are shown in the background. Right: Color coding
of the proxels is depending on the distance of the hand to the corresponding sensor.

From these images important features such as foreground regions, center of mass-
es, gradients (edges), region orientation, etc. can be extracted by means of tradi-
tional computer vision algorithms. Nonetheless, it must be always considered that
the measurements do not strictly represent a depth-map. As discussed later in Sec-
tion 6.3.1, the actual shape of objects and obstacles can be better extracted, when
the relative configuration in cartesian space of the sensor array to them is known.
A relevant parameter for the design of applications is the proxel size. Given by the
measurement principle, bigger proxel areas will increase sensitivity and sensing
range and smaller areas will allow for higher spatial resolution at the cost of range.
For instance the modules shown in Fig. 6.1 have a side length of 4cm, allowing
the detection at a range of up to 10cm and modeling of the hand as a whole, but
not of single fingers. At last, of utmost importance is the temporal aspect of the
sensing. It follows that additional temporal information such as temporal-
gradients support the realization of applications like 3D-tracking and proximity
servoing.

! Derived from proximity elements in analogy to pixels (picture elements) or taxels (tactile ele-
ments).
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6.2.1 Tracking

In [1] tracking using CTPSs was investigated. Tracking delivers an object’s pose
over time, which is one of the central features for safe and intuitive human-robot
interaction. The tracking was developed and demonstrated on an arrangement of
3x16 modules as seen in Fig. 6.2. As a tracking back-end the the Kalman-Filter
was used. With it, the current dynamics state of the object is estimated based on
state history, a noisy dynamics model for the motion of the object combined with
a noisy measurement taken at each sample time. In each step the predicted state of
the object, according to the dynamics model and the previous state, is combined
with the measurement such that the combined uncertainty inherited from predic-
tion and measurement is minimized.

W %

Fig. 6.2 Left: Tracking enables to distinguish two hands even if the separation in sensor data is
not evident. Right: Tracking enables to handle occlusions in the proximity sensing [1]

In the same work experiments for collision prediction and detection were conduct-
ed. A robot driven movement for an object with a constant acceleration profile
was used to show that the time and location of an impact on the array can be pre-
dicted. Rather than evaluating the collision prediction with an external sensing
system, we evaluated it with the tactile modality of the sensor itself. With this, the
adequacy for safety related applications can be assessed more thoroughly. Future
developments in tracking will include a strategy that can differentiate between the
types of object based on their movement profile.

6.2.2 Task and Environment Contexts for Feature Extraction

There are many scenarios in which a robot equipped with CTPS may be used pur-
posefully. These range from static environments where the robot has to execute an
autonomous task, to dynamic environments, such as human-robot cooperation,
where the safety of the human operator has to be guaranteed at all time. Also, sig-
nificant surrounding conditions are given by the task the robot is scheduled to ex-
ecute. Most of the time a robot will move to fulfill its task, resulting in an active
safety. On the other hand the robot may not be scheduled to perform any task at all
and therefore not to move, but nevertheless should still provide reactive safety by
avoiding collisions if possible. This two-layer classification, which is illustrated
by Fig. 6.3, has important ramifications for the feature extraction. Firstly, deter-
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mining in which type of environment the robot is in, allows to adjust the feature
extraction according to the expectations. For instance, if the robot is cooperating
with another robot, it is clear that the sensor values measured cannot correspond to
a gesture performed by a human operator. Secondly, the robot’s own movement is
an important cue to determine robot-to-object distance and object trajectories.
Generally, the confidence in the estimated dynamics of proximity events should
always be higher when the robot itself is moving.

ﬂ)ynamic Environments\/Static Environmenth

ﬁﬁve Safety \

Autonomous Manipulation

Cooperating Robots

Reactive Safety

HRI

Collision Avoidance

S

Fig. 6.3 Examples for different applications and scenarios for a robot using CTPS. The scenarios
determine how features are extracted and interpreted.

For the reasons mentioned above it is important to implement situation awareness
for the robot. We call this System Behavior Strategies which should guide the
lower level signal processing. To this end a model of the internal state of the robot
is needed. This model should take into account the current environment situation
(presence of humans, obstacles, etc.) and the task at hand (cooperate, autonomous
task execution, etc.). The goal of the strategies is then to guide the behavior, i.e.,
actions and reactions of the robot, with a special focus on the lower level signal
processing for CTPS. Additionally, it should consider the information from other
sensor modalities, such as vision.
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6.3 Applications

6.3.1  Proximity Servoing

We call a closed-loop control scheme which maps proximity features to robot
movements proximity servoing. Since proximity sensing is 3D-perception it is in
principle possible to extract 6D-pose information of objects and the human from
the processed sensor signals. Therefore the movement of the robot can also be in-
fluenced in all 6DOFs where the goal of the servo-controller will be to maintain a
constant relative configuration to some target. This broad concept has two main
occurrences: on a smart skin for a robotic manipulator and in the fingers of a grip-
per. On a smart skin proximity servoing provides a base for programming tasks,
where proximity input can be used to drive the robot to a desired configuration. It
is also the foundation on which any collision avoidance scheme will sit on top of.
Within a gripper, servoing can be used to robustly preshape to an object that shall
be grasped. For this latter task promising results where shown in [2].

W=F-§=ri

Fig. 6.4 Using an exemplary sensor array of 4 x 4 it is shown how proximity servoing aligns the
sensor surface to the object by equilibrating the sensor signals along the gradient. In the aligned
configuration robust information about the curvature of the object can be extracted from the sig-
nals.

Proximity Servoing J—b[ Measure / Interpret

Execution of Task Step

Fig. 6.5 The three steps necessary to execute a task based on CTPS when relying on proximity
servoing.

In general it will not be possible to determine absolute deviations from the signal
distribution on a CTPS array, which could be corrected in one step. However, a
gradient can be calculated, meaning a direction of correction as well as some de-
gree of information on the amount of deviation. It is the task of the servo-
controller to continuously decrease the error along the detected gradient. When the
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final aligned configuration has been established, the signal distribution on the sen-
sors will contain information about the shape of the object, as illustrated by Fig.
6.4.

From the point of view of applications based on proximity servoing it follows
there is a general design principle: after servoing, shape information can be ex-
tracted, then, based on this increment in information, a next step of the task can be
executed. This step will lead to a situation of possible misalignment where ser-
voing has to be used again. This general loop is shown in Fig. 6.5.

6.3.2  Preshaping

One of the applications of proximity servoing is preshaping. We want to summa-
rize here some general conclusions we can draw from our work in [2]. In a grasp-
ing context preshaping means to find a suitable configuration for the gripper and
its fingers —before touch is established— that favors robustness when grasping. Fig.
6.6 shows the 2 x 2 arrangement of the sensors inside the fingers, where also
groups are marked, that enable the detection of deviation of the gripper pose with
respect to an object along or about one axis. As an application, preshaping basical-
ly is proximity servoing. In fact, if the object was moving our implementation
would make the robot move and following accordingly.

Fig. 6.6 Groups of sensors red and blue are used when comparing sensor values for finding misa-
lignment along (7) or about (R,) the cartesian axes inside a gripper [2].
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Top view Left View

Fig. 6.7 Example for a start configuration of a misaligned object inside the gripper [2].

The basic principle of finding a misalignment is to calculate the difference be-
tween the sensor values of red and blue groups in Fig. 6.6. Any pair (r; b; ) for i, j
€{1, 2, 3, 4} can in principle indicate that an adjusting is necessary. However, it is
not trivial to get reliable difference values, because of the increasing noise in the
measurement with increasing object-to-sensor distance and sensitivity to pose and
covered area of the single sensors. As illustrated by Fig. 6.7, an object may be
misaligned in several directions and the sensor closest to the corner of the object
(distance d; in Fig. 6.7) will measure a lower signal than the sensor which has a
bigger surface in front of it on the opposite side (distance d, in Fig. 6.7), because
of the capacitive sensing principle used. It follows, that it is possible that the ser-
vo-controller moves in the incorrect direction on the x-axis in this case. On the fa-
vorable side, if the object is pre-aligned in some other axis, such as around the z-
axis or along the y-axis the detection of the correction gradient becomes more ro-
bust for translation on the x-axis. Therefore, the principle of the preshape-control
is to use the most reliable measurements at first, i.e., the highest sensor values, to
detect the rough gradient. In a second step, considering the alignment is already
somewhat stable, a majority voting scheme involving at least 2 sensors from the
groups of Fig. 6.6 is used as well.

Fig. 6.8 Left: The gripper with CTPS in the start configuration before preshaping to a plexi-glass
rod. Right: The gripper has finished preshaping and grasps the plexi-glass rod.
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This first implementation of proximity servoing illustrates the challenges related
to arranging the sensors as an array, extracting the desired information and dealing
with situations specific to the capacitive sensing principle. We expect that similar
solutions will be necessary when developing the algorithms for reactive path plan-
ning, collision avoidance and safe human-robot interaction.

6.3.3  Combined Haptic and Proximity-Based Exploration

Proximity servoing applied to preshaping can also be used to implement a com-
bined haptic and proximity-based exploration. When exploring an object a strate-
gy guides the gripper equipped with sensors to unknown areas of the workspace to
elicit object features. Using touch it is possible to detect features quite precisely,
but it is a challenge to approach the object prior to touching it in a way that the
sensor area is aligned to the surface and the object is not displaced when being ex-
plored. The preshaping described in the previous section provides an ideal solution
to these issues and leads to the combined haptic and proximity-based strategy.
Even more, exploration steps based only on proximity are also possible and time
efficient. In [2] we showed some results in regards to detecting edges and corners
of objects as well contactless exploration of features such as curvatures. Fig. 6.9
shows the gripper executing some of the exploration skills.

Fig. 6.9 Left: The gripper uses the tactile modality of the sensors to explore the precise location
of the corner on a curved aluminum sheet. Right: The gripper explores along the curvature of the
aluminum sheet using proximity servoing.

6.4 Conclusions and Future Work

In this chapter we discussed capacitive tactile proximity sensing from a signal
processing point of view and we presented an overview of applications for these
sensor systems, with a special focus on proximity servoing. In regards to the signal
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processing we discussed the importance of the capacitive sensing principle, the
role of the sensor size and spatial and time resolution. In regards to proximity ser-
voing we emphasized its importance by showing that it is a common base for pre-
shaping, haptic exploration and collision free path traversal. Additionally, we
discussed that touch- and proximity- sensing are complementary, especially be-
cause no touch can occur without a previous approaching event.

Based on the these results it can be stated that the proposed capacitive tactile
proximity sensing concept is a very promising approach to close the existing near
field perception gap in robotics and therefore plays an important role in the new
field of soft-robotics. In the future we want to concentrate on developing methods
for safe human-robot interaction with aim of implementing intuitive programming
and human-robot collaboration scenarios. The technology of CTPSs allows for
compliant robot motion and control, without having to relinquish the advantages
of robot systems with high mechanical stiffness. Thus, we want to focus on the
possibilities of multi-modal interaction, as illustrated by Fig. 6.10(a) and Fig.
6.10(b). A further interest is to investigate collision free path traversal (see Fig.
6.10(c)) and its relation to haptic exploration to build an environment model based
on touch and proximity features.

(a) Proximity-based interaction will allow for touchless, intuitive programming of robot sys-
tems.

(b) Touch-based interaction with the robot skin will allow further interaction, where the
simultaneous use of proximity mode is also possible.
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(c) An obstacle can be avoided by use of proximity sensing. The features obtained during

the traversal can potentially complement an environment model for the robot.

Fig. 6.10 Possible applications for a robot endowed with a skin based on CPTS modules.
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7 Perception of Deformable Objects and Compliant
Manipulation for Service Robots

Jorg Stiickler and Sven Behnke

University of Bonn, Computer Science Institute VI, Autonomous Intelligent Systems

Abstract We identified softness in robot control as well as robot perception as
key enabling technologies for future service robots. Compliance in motion control
compensates for small errors in model acquisition and estimation and enables safe
physical interaction with humans. The perception of shape similarities and defor-
mations allows a robot to adapt its skills to the object at hand, given a description
of the skill that generalizes between different objects. In this chapter, we present
our approaches to compliant control and object manipulation skill transfer for ser-
vice robots. We report on evaluation results and public demonstrations of our ap-
proaches.

7.1 Introduction

In today's industrial settings, robots are frequently required to execute motions
fast, precisely, and reliably. The use of high-stiffness motion control can guarantee
robust operation in this domain, but it also demands precise models of the dynam-
ics of the robot mechanism and the manipulated objects. Furthermore, precautions
need to be taken to prevent physical interaction with humans under any circum-
stances. This approach may not be applicable, e.g., in human-robot collaborative
scenarios, in less structured environments, or when physical interaction with hu-
mans is unavoidable.

Generalization of robot skills is a further aspect that needs to be considered to
bring robots into new applications. Often in practice, manipulation controllers
need to be manually designed for each specific instance of an object class. This
approach limits the range of possible applications of robotics technology by the ef-
fort that has to be taken to adapt the robot to the task, especially for service robots
in our everyday environments.

We identified softness in robot control as well as robot perception as key ena-
bling technologies for future service robots. Compliance in motion control com-
pensates for small errors in model acquisition and estimation and enables safe
physical interaction with humans. The perception of shape similarities and defor-
mations allows a robot to adapt its skills to the object at hand, given a description
of the skill that generalizes between different objects.

A. Verl et al. (eds.), Soft Robotics, DOI 10.1007/978-3-662-44506-8_7,
© Springer-Verlag Berlin Heidelberg 2015
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In this chapter, we present our approaches to compliant control and object ma-
nipulation skill transfer for service robots. We propose compliant task-space con-
trol for redundant manipulators driven by servo actuators. The actuators in our ap-
proach are back-drivable and allow for configuring the maximum torque used for
position control. From differential inverse kinematics, we derive a method to limit
the torque of the joints depending on how much they contribute to the achieve-
ment of the motion in task-space. Furthermore, our approach not only allows for
adjusting compliance in the null-space of the motion but also in the individual di-
mensions in task-space. This is very useful when only specific dimensions in task-
space shall be controlled in a compliant way. We utilize this compliance in several
applications that require physical human-robot interaction. For instance, we
demonstrate the cooperative carrying of a large object. We also use compliant
control when handing objects to a human, or to guide the robot at its hand.

In many object manipulation scenarios, controllers can be described for specific
object instances through grasp poses and 6-DoF trajectories relative to the func-
tional parts of the objects. One can pose the problem of skill transfer as establish-
ing correspondences between the object shapes, i.e., between the functional parts.
Grasps and motions are then transferrable to novel object instances according to
the shape deformation. We propose an efficient deformable registration method
that provides a dense displacement field between object shapes observed in RGB-
D images. From the displacements, local transformations can be estimated be-
tween points on the object surfaces. We apply these local transformations to trans-
fer grasps and motion trajectories between the objects.

We develop our approaches with our service robots Cosero and Dynamaid
[12,14,15]. The human-scale robots are equipped with two anthropomorphic arms
each on upper bodies that can be moved on a linear actuator in the vertical direc-
tion in order to manipulate on different height levels. They move in indoor envi-
ronments on omnidirectional drives with small footprints. A communication head
provides the robots with human-like appearance for natural human-robot interac-
tion. Light-weight design facilitates inherent safety of the robots.

7.2 Compliant Control for Service Robots

Task-space motion control, initially developed by Liegeois [4], is a well-
established concept in robotics (see [6] for a recent survey). Common to task-
space control methods is to transfer motion specified in a space relevant to a task
to joint-space motion. One simple example is the control of the end-effector of a
serial kinematic chain along pose trajectories in Cartesian space. For compliant
motion control in task-space, acceleration- and force-based methods are frequently
employed. We propose a velocity-based method. Instead of relying on redundancy
resolution for compliant control, we adjust compliance for each dimension and di-
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rection in task-space as well as in the null-space of the motion when the robot kin-
ematics is redundant for the task.

Using such compliant control, we implemented several service robot tasks that
require soft and compliant interaction with objects or persons. One such task is the
cooperative transport of large objects by a robot and a person. Khatib et al. [2] in-
vestigated manipulation of large objects with multiple mobile manipulators. This
approach requires exact identification of the dynamics of the mobile manipulators.
Yokoyama et al. [17] use an HRP2 humanoid robot to carry a large panel together
with a human. The robot finds the panel by stereo vision through a model-based
recognition system. The walking direction of the robot is controlled by voice
commands and by force-torque sensors on the robot wrist. In our approach, the ro-
bot also recognizes the intention of the person through the motion of the table. In-
stead of specific force-torque sensing in the wrist, we apply compliance control to
let the human move the robot’s end-effectors through the table.

A further application of compliant control which we have investigated is the
problem of robot guidance by a human through physical interaction. Christensen
et al. [1] proposed to lead a domestic service robot around the house for initial
map acquisition by taking its hand. The higher bandwidth of the arm allows for
decoupling the applied forces from the robot motion. Oudeyer et al. [7] report on
such following behavior emerging from compliant whole-body control of a hu-
manoid robot. In our work, we couple compliant control of the arms with the la-
ser-scanner based perception of the human guide.

7.2.1 Compliant Task-Space Control

We employ velocity-based task-space control and derive a control law for compli-
ant motion of the arms. We assume that the robot actuators follow position trajec-
tories through torque control. In our approach, we assume that the torque applied
by the actuator can be limited. We derive the responsibility of each joint for the
motion in task-space, and distribute a desired maximum torque onto the involved
joints according to their responsibility.

Central to task-space controllers is a mapping from joint states ¢ € R™ to
states X € R" in task-space, i.e., the forward kinematics X = f(q) . Inversion
of the linearized relationship yields a mapping from task-space velocities to joint-

. . . -0 . . -
space velocities ¢ =~ J'x+ - Jf.])q , in which secondary joint
L0 . . .
motion ¢ can be projected into the null-space of the mapping such that the track-
ing behavior in task-space is not altered.
Given a desired trajectory in task-space X, (), we derive a control scheme to

follow the trajectory with a position-controlled servo actuator



72

i(0) = K, (x, ()~ x(0), 4(0) = K, (J75(0) + el = "))V (1)),

where K . and K , are gain matrices. The cost function 2(q(t)) optimizes sec-

ondary criteria in the null-space of the motion, and & is a step-size parameter.
Cost criteria typically include joint limit avoidance or the preference of a conven-
ient joint state.

We set a compliance ¢ € [O,l]n in linear dependency of the deviation of the

actual state from the target state in task-space, such that the compliance is one for
small displacements, zero for large ones, and linearly interpolates in between. For
each task dimension, the motion can be set compliant in the positive and the nega-
tive direction separately, allowing e.g. for being compliant in upward direction,
but stiff downwards. If the task dimension is not set compliant, we wish to use

high holding torques ’[ix to position-control this dimension. If it is set compliant,

the maximal holding torque interpolates between a minimal value for full compli-
ance and a maximum torque for zero compliance.

To implement compliant control, we measure the responsibility of each joint
for the task-space motion through the inverse of the Jacobian

@) 0 0
Ry () = abs| J (q(1)) =0 ol
0 - 0 x()

where abs determines absolute values of a matrix element-wise.
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Fig. 7.1 Activation matrix in compliant control. Task-space dimensions correspond to for-
ward/backward (x), lateral (y), vertical (z), and rotations around the axes (roll, pitch, yaw).
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Each entry (i, Jj ) of the matrix measures the contribution of the velocity of the j-

th task component to the velocity of the i-th joint. In addition, we also define the
responsibility of each joint for the null-space motion

R,(t) = abs [a(] ~J " )Vea(q(t ))] To finally distribute our desired torque

limits, we determine an activation matrix A(#) by normalizing the responsibility

of the joints to sum to one along each task dimension. Fig. 7.1 shows an example
matrix. The task-component maximal torques are then distributed according to the

activation of each joint, i.e. 7, = At)r, .

7.2.2  Applications of Compliant Control in Everyday Environments

Object Hand-Over to a Person

Object hand-over from a robot to a person can be implemented with several strat-
egies. For instance, object release could be triggered by speech input or by spe-
cialized sensory input such as distance or touch sensors. Through compliant con-
trol, we establish a very natural way of hand-over by simply releasing the object
when the interaction partner pulls on the object (see Fig. 7.2, left). To implement
this, the robot offers the object to the person and controls the motion of its end-
effector compliant in forward, in upward direction, and in pitch rotation. The robot
releases the object when it detects a significant displacement of its end-effector.

Guiding a Robot at its Hand

Taking the robot by its hand and guiding it is a simple and intuitive mean to com-
municate locomotion intents to the robot (see Fig. 7.3, left). We combine person
perception with compliant control to implement such behavior: the robot extends
one of its end-effectors forward and waits for the user. As soon as the user appears
in front of the robot and exerts forces on the end-effector, the robot starts to follow
the motion of the end-effector by driving in translational directions. The robot
avoids the guide with a potential field method. It rotates its base to keep the guide
at a constant angle, relative to its heading direction.

Cooperative Carrying of a Table

Cooperative transportation of large objects is a typical collaborative task in which
multiple persons or robots physically interact to solve a task (Fig. 7.2 right).
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Fig. 7.2 Left: Cognitive service robot Cosero hands an object to a person. Right: cooperative car-
rying of a table by a person and Cosero.

We demonstrate object perception, person awareness, and compliant control in the
task of cooperatively carrying a table by a person and a robot. As soon as the per-
son appears in front of the robot, the robot approaches the table, grasps it, and
waits for the person to lift it. After the robot visually perceives the lifting of the
table, it also lifts the table and starts to follow the motion of the person. It sets the
motion of the end-effectors compliant in the sagittal and lateral direction, and in
yaw orientation. By this, the robot complies when the person pulls and pushes the
table. The robot follows the motion of the person by controlling its omnidirection-
al base to realign the hands to the initial grasping pose with respect to the robot.
The person may cease the carrying of the table at any time by lowering the table,
which is also visually perceived by the robot.

Manipulation of Articulated Objects

We apply compliant control to the opening and closing of doors that can be moved
without the handling of an unlocking mechanism (see Fig. 7.3, right). To open a
door, our robot drives in front of it, detects the door handle with its torso laser, ap-
proaches the handle, and grasps it. The drive moves backward while the gripper
moves to a position to the side of the robot in which the opening angle of the door
is sufficiently large to approach the open fridge or cabinet. The gripper follows the
motion of the door handle through compliance in the lateral and the yaw direc-
tions. The robot moves backward until the gripper reaches its target position. For
closing a door, the robot has to approach the open door leaf, grasp the handle, and
move forward while it holds the handle at its initial grasping pose relative to the
robot. When the arm is pulled away from this pose by the constraining motion of
the door leaf, the drive corrects for the motion to keep the handle at its initial pose
relative to the robot. The closing of the door can be detected when the arm is
pushed back towards the robot.



Fig. 7.3 Left: A person guides Cosero at its hand. Right: Dynamaid opens and closes a refrigera-
tor using compliant control at RoboCup 2010 in Singapore.

7.2.3 Public Demonstrations

The tracking behavior of our compliant control method has been extensively eval-
uated in our prior work in [10]. In general, our approach exhibits good tracking
performance in compliant mode in linear and rotational directions. If gravity needs
to be compensated, a compliant motion orthogonal to the gravity direction may be
slightly less accurate due to the fact that joints are involved in both counteracting
gravity as well as moving into the compliant direction.

We demonstrated the applications of compliant control described in Sec. 7.2.2
with our service robot Cosero publicly at several occasions at RoboCup@Home
competitions. Object hand-over occurs very frequently in the test scenarios of the
competition. Our approach leads to a very natural and intuitive robot behavior that
is well understood by users and has high success rates. We have demonstrated the
opening and closing of a refrigerator in the final demonstration of the @Home
league at RoboCup 2010 in Singapore?. The cooperative carrying of a table was
first shown in the finals at RoboCup 2011 in Istanbul, Turkey?. It was also shown
in combination with guiding the robot to the location of the table at RoboCup
German Open in 2013. The demonstrations have been important aspects for con-
vincing the juries of our open demonstrations and finals. We won the international
RoboCup@Home competitions in 2011 [15], 2012 [14], and 2013 [12]. We also
achieved 1* place in the league at RoboCup German Open competitions from
2011 to 2014.

2 https://www.youtube.com/watch?v=TObO4 NOAAQ
3 https://www.youtube.com/watch?v=nGOmJiODrYw
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7.3 Object Manipulation Skill Transfer

Our approach to skill transfer can be seen as a variant of learning from demonstra-
tion. Recently, Schulman et al. [8] proposed an approach in which motion trajecto-
ries are transferred between shape variants of objects. They primarily demonstrate
tying knots in rope [8] and suturing [9], while they also show examples for folding
shirts, picking up plates, and opening a bottle. Their non-rigid registration method
is a variant of the thin plate spline robust point matching (TPS-RPM) algorithm.
We develop an efficient deformable registration method based on the coherent
point drift method (CPD [5]) to align RGB-D images efficiently and accurately.
We demonstrate bimanual tool-use, and propose to select tool end-effectors as ref-
erence frames for the example trajectory, where it is appropriate. In contrast to the
method in [8,9], we do not assume the estimated displacement field to be valid at
any pose on the motion trajectory. Instead, we design example motions relative to
reference frames. These reference frames are transformed between example and
new object.

7.3.1  Efficient RGB-D Deformable Registration

We propose a multi-resolution extension to the coherent point drift (CPD [5])
method to efficiently perform deformable registration between RGB-D images
(see Fig. 7.4, top). Instead of processing the dense point clouds of the RGB-D im-
ages directly with CPD, we utilize multi-resolution surfel maps (MRSMaps* [13])
to perform deformable registration on a compressed image representation. This
image representation stores the joint color and shape statistics of points within 3D
voxels (coined surfels) at multiple resolutions in an octree. The maximum resolu-
tion at a point is limited proportional to its squared distance in order to capture the
error properties of the RGB-D camera. In effect, the map exhibits a local multi-
resolution structure which well reflects the accuracy of the measurements and
compresses the image from 640x480 pixels into only a few thousand surfels.

The CPD method assumes a displacement field v:Y — X between a model
point set ¥ and the scene points X . It aims at minimizing the squared error of
the deformed points in ¥ with their counterparts in X ,

InpX,v|o)=InpX|o,v)-A2 ”V”;

By introducing a norm on the displacement field in a reproducing kernel Hilbert
space H, smoothness can be enforced. The regularized objective has a closed-
form solution given the assignment of points, which requires solving a system of
linear equations whose size is quadratic in the number of model points. Instead of

4 Our MRSMap implementation is available open-source from
http://code.google.com/p/mrsmap/ .
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assuming a one-to-one mapping between the points, the CPD method explains the
deformed points in Y as samples from a mixture model, in which each sample in
X is a Gaussian mixture component. Since the assignment probabilities between
the point sets are not known a-priori, the probabilities and the displacement field
are recovered iteratively through expectation-maximization.

Color and contours in the depth image are integrated as additional point dimen-
sions. We process RGB-D images from coarse to fine resolutions in our MRSMap
representation. Since the volume covered shrinks with resolution, we constrain the
borders of a fine resolution to the coarser resolution result. This objective also has
a closed-form solution for the displacement field. Finally, to improve robustness
and to facilitate the linear systems to be sparse, we use a compact support kernel.

Fig. 7.4 Top: deformable registration examples. Bottom: local transformation examples.

7.3.2  Skill Transfer through Shape Matching

We describe object manipulation skills as grasp poses and motion trajectories rela-
tive to an object (see Fig. 7.5). We exploit that often shape deformations induce
correspondences in the functional parts between objects of the same functional ob-
ject class. When the robot observes a new kind of object of a class that it knows to
handle, it matches the shapes of the object at hand with the known object, and
transfers grasps and motions to the new one. To this end, we apply our deformable
registration method. We define grasp poses and motion trajectories in terms of lo-
cal coordinate frames relative to the object's reference frame. Hence, we need a
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Fig. 7.5 Skill transfer. Left: We transfer grasp and tool end-effector poses between objects
through deformable registration. Right: We represent skills as motions of the tool end-effector
relative to other objects, which can be transferred once the tool end-effector of a new object is
known. The motion of the tool end-effector induces a motion of the grasps.

method for estimating local coordinate frame changes between the observed object
and the known object.

We estimate the local coordinate frame changes from the displacement field
that is recovered with our deformable registration method (see Fig. 7.4, bottom).
The infinitesimal deformation at a point y is specified by the Jacobian of the dis-

placed point, V() =1+ Vv(y). The local rotation R is obtained through
polar decomposition of the Jacobian V() = RU .

7.3.3 Results

We have evaluated accuracy and run-time of our deformable registration method
and compared it with plain processing of RGB-D images using CPD. On syntheti-
cally deformed RGB-D images, we achieve an average run-time of 1.29 s, plain
processing requires 4.74 s. Our method also is more accurate: in average our
method has a low deviation of 0.0178 m from the ground truth displacements,
while plain processing yields 0.0482 m mean error. Note that for plain image pro-
cessing, the original images had to be subsampled from 640x480 to 80%60 resolu-
tion. Further evaluation results can be found in [11].

We publicly demonstrated object manipulation skill transfer based on our de-
formable registration approach during the @Home league Open Challenge at Ro-
boCup 2013 in Eindhoven, Netherlands’. The jury chose one of two new cans,
while the skill was pretrained for a third instance of cans. Our robot Cosero trans-
ferred watering can manipulation skills to a novel can. Fig. 7.6 shows images tak-
en during the demonstration. The demonstration was well received by the jury
consisting of team leaders and received high scores, which was an important con-
tribution to winning the 2013 RoboCup@Home competition.

5 http://www.youtube.com/watch?v=I1kN1bAeeB0
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Fig. 7.6 Cosero transfers the bi-manual skill of watering a plant to a novel watering can in the fi-
nal RoboCup@Home demonstration at RoboCup 2013 in Eindhoven.

7.4 Conclusions

In this chapter, we presented our approaches to compliant control and deformable
registration that enable soft interaction with objects and persons, and that increase
the flexibility of robot behavior in everyday environments.

We developed compliant control for the anthropomorphic arms of our service
robots Cosero and Dynamaid. It has been used to demonstrate a variety of tasks in
everyday environments that either require soft manipulation of objects such as
opening and closing doors, or soft physical interaction with humans. For transfer-
ring object manipulation skills, we developed an efficient deformable registration
method for RGB-D images. It allows for transferring grasp poses and tool end-
effectors between shape variants of functional types of objects. In a public demon-
stration, Cosero showed bimanual handling of a novel watering can to water a
plant. The reported public demonstrations have been key contributions to winning
the German and international RoboCup@Home competitions since 2011.

In future work, we want to further study the modelling and manipulation of de-
formable objects. Through compliant control, interactive learning of deformable
object models can be made possible.
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8 Soft Robot Control with a Behaviour-Based Architecture

Christopher Armbrust, Lisa Kiekbusch, Thorsten Ropertz, Karsten Berns

University of Kaiserslautern

Abstract In this chapter, we explain how behaviour-based approaches can be
used to control soft robots. Soft robotics is a strongly growing field generating in-
novative concepts and novel systems. The term “soft” can refer to the basic struc-
ture, the actuators, or the sensors of these systems. The soft aspect results in a
number of challenges that can only be solved with new modelling, control, and
analysis methods whose novelty matches those of the hardware. We will present
prior achievements in the area of behaviour-based systems and suggest their appli-
cation in soft robots with the aim to increase the fault tolerance while improving
the reaction to unexpected disturbances.

8.1 Introduction

Soft robotics has recently received increasing attention by researchers. The aim to
create systems that can interact in a more natural way with their environment has
led to the development of robots with soft bodies [19], soft actuators [1, 14], and
even soft sensors [21] that hardly resemble classic, rigid robots. With these novel
components, however, come new challenges concerning robot control.

Due to the complexity of the involved components, it is extremely difficult or
even practically impossible to create accurate models describing the dynamics of
the machines. Hence, the classic, deliberative control approaches are only applica-
ble in a limited way. Purely reactive strategies, however, fail to grasp the full
complexity of high-level control. We suggest the use of behaviour-based control
systems [2, 20], which combine fast reaction times with support for complex
tasks. Soft robotic systems typically consist of many interconnected parts that are
difficult to model and have to react fast to (unexpected) disturbances—which are
also difficult (or impossible) to model. The distributed nature of behaviour-based
systems (BBS) perfectly complies with the also distributed structure of soft robots.
In typical BBSes there is a high degree of redundancy, which is essential in case of
hardware failures, and a significant number of reactive elements. This allows for
fast reactions to disturbances.

Using the example of the behaviour-based architecture iB2C¢, we will explain
the advantages of behaviour-based approaches over purely reactive or purely de-

¢ iB2C: integrated Behaviour-based Control

A. Verl et al. (eds.), Soft Robotics, DOI 10.1007/978-3-662-44506-8_8,
© Springer-Verlag Berlin Heidelberg 2015
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liberative ones in detail and will sketch our aim to apply them for controlling soft
robotic systems. We have structured the remainder of this chapter as follows: In
Sec. 8.2, we will introduce the main features of the iB2C and the mechanisms we
have invented for supporting the development and analysis of iB2C networks. We
will then explain how the iB2C can be used to realize soft control systems in
Sec. 8.3. Finally, in Sec. 8.4 we will summarize the main points of this chapter
and discuss our vision for future work.

8.2 The Behaviour-based Architecture iB2C

The behaviour-based architecture iB2C [22] has been implemented using the
software frameworks MCA2-KL7 and FINROC?. It is applied to different kinds of ro-
bots in our lab, e.g. a bipedal walking machine, a humanoid robot head, and sever-
al wheel-driven indoor and outdoor vehicles.

The basic component of the iB2C is the behaviour (see Fig. 8.1), which is de-

fined as B = ( f P f r,F ), where fa calculates its activity vector @ and fr calcu-

lates its target rating r. The output vector u is transferred from the input vector e
together with the activation 1=s-(1—i) wusing the transfer function

F :u=F(e,1). The activation indicates the effective relevance of a behaviour in

the network. Stimulation s and inhibition | = ”l”w are signals coming from other
behaviours to gradually enable or disable the behaviour.

.. T. . ..
The activity vector @ = ( aa ) is composed of the behaviour’s activity a and ¢
so-called derived activities @y, 5., 4, With @, <a, Vie{0l,..,q-1}.

The activity indicates the degree of influence the behaviour wants to have in the
network. It is also possible to transfer only a part of the activity to other behav-
iours using the derived activities. A behaviour’s activity is limited by its activa-
tion, i.e. a < 1. The target rating » describes the satisfaction of a behaviour with
the current situation. The four behaviour signals s, i, a, r and the internal behav-
iour value 1 are limited to [0, 1] and describe the interface of each behaviour. By
contrast, there is no limitation of e and u. They can differ among behaviours.

iB2C behaviours can be connected in various ways. The most common types
are stimulating and inhibiting connections, in which the activity output of one be-
haviour is connected either to the stimulation or the inhibition input of another be-
haviour. Other connection types include the combination of the outputs of a num-

7MCA2-KL: Modular Controller Architecture Version 2 - Kaiserslautern Branch
8 FINROC: the successor of MCA2-KL. See http://finroc.org/ for more
information.
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ber of competing behaviours using a fusion behaviour (see below) or the sequenc-
ing of behaviours using the special coordination behaviour CBS [4].

\I/e
S a S

T >_ T BFusinn
B = (fa, fr, F) = (furfrr F) Do

f T

Fig. 8.1 The symbols of two basic iB2C behaviours: The general symbol of a behaviour (left),

Ulpya; U2z a0

and a weighted average fusion behaviour for 11, = 2 competing behaviours (right).
c

The iB2C fusion behaviour (see Fig. 8.1) combines the outputs of several be-
haviours connected to it according to one of three possible fusion modes (maxi-
mum, weighted average, and weighted sum). For example, if p competing behav-
iours Bmpu, with activities a., target ratings 7., and output vectors

u, (C € {0,..., p—1 } ) are connected to a weighted average fusion behaviour

Brusion, then the outputs of Brusion are calculated as follows:

p—1 p—1 4 p—1
2. 0 > o S aj-m
UFusion — p—1 5 QFusion = o1 * LFusion; T'Fusion = o1
> ak > ak
k=0 k=0 k=0

The handling of a large number of interconnected behaviours is facilitated by be-
havioural groups, which encapsulate a number of behaviours or further groups and
act as new behaviours in a network. To fulfil complex tasks, networks of simple
behaviours are constructed and possibly combined. The challenge lies in the con-
nection of these behaviours. As example, the control system of the biped (see
Sec. 8.3) consists of over 350 behaviours, while the one of RAVON (see also
Sec. 8.3) contains even more than 500 behaviours. To build up such huge net-
works, sound guidelines for the development and implementation are needed to-
gether with verification techniques to prove a system’s correctness.

Fig. 8.2 gives an overview of the concept developed in our lab for the devel-
opment and verification of behaviour networks. Soft robotic systems are typically
complex and consist of many interconnected components. This makes them per-
fect for the application of BBSes, but this in turn results in complex software. In
Sec. 8.2.1, we propose the use of a strict design concept for the development of
behaviour networks that realise high-level, complex tasks. In such strongly con-
nected systems, oscillations can easily occur. We therefore suggest a solution for
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oscillation detection in Sec. 8.2.2. Distributed systems like the ones found in soft
robotics call for verification techniques that specifically take into account their
high degree of distribution. We will present two such techniques in Sec. 8.2.3.

Verification
(Model Checking)

Tanged] Model
r_value = 0
Ratisfied nsatisfied -
-

r_valug =0
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|

. - ey
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)

3 4 5
1 time/s

magnitude
S oo

45678
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Oscillation Analysis

Design Methodology

Simulation Real Robot

Fig. 8.2 Concept of the development and verification process for behaviour-based systems de-
veloped in our lab.

8.2.1  Design of Complex Behaviour Networks

As we have alluded in Sec. 8.1, soft robotic systems can be complex in many re-
spects. The complexity of their hardware is reflected by the complexity of the
software necessary to control a soft robot. A drawback that can often be seen in
behaviour architectures is the lack of support for building large networks that are
able to execute sophisticated tasks. For example, Brook’s subsumption architec-
ture [12] has been criticised for being unable to support large networks. The abil-
ity to combine iB2C behaviours into a group (see above) provides significant help
in dealing with the complexity of large networks. However, research conducted at
our group has shown that the quality of a behaviour network often heavily de-
pends on the experience of the developers and their personal preferences. Guide-
lines [22] can mitigate this problem, but target at developers with a certain experi-
ence in designing iB2C networks. Therefore, we have invented a three-step
method for supporting completely inexperienced developers during the process of
designing an iB2C network for a complex task [9].

The first step is to define a complex task as a finite-state machine (FSM). Two
persons are usually needed for this step: an end-user with detailed knowledge
about the task the system shall perform and the main developer with detailed
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knowledge about existing software components and the specification of the avail-
able hardware. As soft robotics is a new field compared to industrial robotics, it is
highly likely that an end-user does not have much knowledge about the capabili-
ties of a soft robot. Hence, he shall be able to define the task in a common, nearly
intuitive way while being assisted by the main developer.

The second step consists of an automatic transformation of said FSM into the
skeleton of a behaviour network, i.e. a behaviour network that only contains fu-
sion and CBS behaviours (see above), empty behaviours without functionality, and
the interconnections between the behaviours. The advantage of having an auto-
matic process here is that no person is involved. Hence, the resulting behaviour
network will correspond to the FSM defining the robot’s task, while a manual map-
ping process could easily lead to errors in the network structure.

In the third step, so-called system specialists manually add the core functionali-
ties of the behaviours in the previously created skeleton network. They have de-
tailed knowledge about specific parts of the soft robotic system and are therefore
able to implement sub-components. Due to the distributed nature of BBSes, this
work can easily be done in parallel by several system specialists who are super-
vised by the main developer. An interesting aspect here is that none of the system
specialists has to be an expert for behaviour networks as the network structure has
already been created automatically in the second step.

8.2.2 Oscillation Detection in Behaviour Networks

Oscillations are a typical effect in soft robotics applications. They can be enforced
by the control system to perform a special movement, e.g. the walking of a biped
robot or fin movements of fish robots. But they can also be highly unwanted, for
example if they appear in flexible joints and complicate a correct adjustment. The
detection of oscillations is therefore a very important task. In [25] we presented an
approach to detect oscillations inside a behaviour-based control system during
run-time, which facilitates an early reaction in case of a wrong behaviour. The os-
cillation detection method is based on the analysis of the frequency spectrum of an
arbitrary Fourier-transformed signal. In our approach, we used the activity data of
the behaviours. In short, the data is buffered, transformed, and analysed for peaks
in the power spectrum indicating an oscillation. In a second step, we traced oscil-
lations through the network to gain an overview of the path the oscillation takes
through the network and to find its root cause. Future work includes the definition
of desired and undesired oscillations and possible reactions based on the underly-
ing application.
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8.2.3 Verification of Behaviour Networks

We have already mentioned several advantages of using BBSes for soft robots and
will go into detail about that in Sec. 8.3. A key aspect of BBSes is the distribution
of the overall functionality over several components of the system. Unfortunately,
this advantage comes with a downside: Determining whether a system really does
what it is supposed to do can be hard as a considerable part of the intelligence of a
BBS lies in its network structure, i.e. in the interaction of its behaviours. Determin-
ing whether a system operates as specified is done by methods of formal verifica-
tion, e.g. deductive reasoning [15, 16] as well as model checking [13, 23]. With
regard to the fact that a lot of intelligence of a BBS lies in its network, we have de-
cided to pursue a top-down analysis approach by developing a verification tech-
nique that is especially tailored to the mostly neglected analysis of the network
structure [5, 7, 6]. We have based our approach on model checking as this offers a
high degree of automation and generates witnesses and counter-examples, respec-
tively.

The idea underlying our verification concept is the modelling of iB2C networks as
networks of synchronised timed automata using the model checking toolbox
UPPAAL [11]. Each behaviour is represented by five automata, one for each behav-
iour signal and one for the activation, as shown in Fig. 8.3. If there is a connection
between the signals of two behaviours, a synchronisation channel is used to con-
nect and synchronise the corresponding automata. Using a graphical interface, we
can define properties that shall hold for the behaviour signals, e.g. that one behav-
iour shall get active before another one does. The graphical definition of proper-
ties can be automatically transformed to a corresponding set of observer automata
and queries, which can be sent to UPPAAL’s verifier together with the system
model. With the help of the verifier, we can then easily check whether our BBS
holds the property in question and thus fulfils requirements like “the anti-collision
behaviour has precedence over the driving behaviour, i.e. it can stop the robot”. In
recent work, we also take into account hardware failures during the verification
process [17].

The use of timed automata for modelling BBSes offers several advantages like
the ability of checking temporal properties (e.g. reachability) with the downside of
requiring a strong abstraction in order to keep the verification process computa-
tionally feasible. By focusing on discrete system states and abstracting from state
transitions, satisfiability modulo theories (SMTs) can be used to generate a more
fine-grained model, which allows for checking richer properties concerning the
discrete state as described in [24]. SMTs study practical methods to solve first-
order logic formulae with equality in which sets of variables are replaced by pred-
icates of the underlying theories. Examples for these background theories are the
theory of real numbers, of integers, and of various data structures. The SMT-LIB
[10] initiative has defined a standard for descriptions of background theories used
in SMT systems.
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Fig. 8.3 Modelling of a behaviour interface using five automata for the behaviour signals stimu-

lation, inhibition, activity, and target rating as well as for the activation.

Due to the support of limited non-linear real arithmetic, SMT perfectly matches
the expressiveness required for modelling the behaviour interaction and coordina-
tion. The rather simple modelling process allows for automation like the model-
ling based on timed automata, with the advantage of having a weaker abstraction
concerning the behaviour signals.

As we have explained in Sec. 8.1, soft robotic systems are very complex and it
is extremely difficult to create accurate models, which makes it hard to develop
suitable control systems and find appropriate control parameters. The latter verifi-
cation approach is also suitable for reducing the search space for parameter identi-
fication. Therefore, properties that the overall system shall be revealing can be
used to determine value ranges of parameters which guarantee them.
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8.3 Soft Control with the iB2C

In the following, we will illustrate how fusion behaviours executing a weighted
average fusion (see Sec. 8.2) can be used to realise a seamless, hence soft transi-
tion from one controlling behaviour to another.

In the control system of the autonomous off-road vehicle RAVON [3], a large
number of connected behaviours controls the robot’s movement. The control sys-
tem also handles the operator’s steering commands, which influence the robot in
different ways depending on which degree of autonomy (pure tele-operation, as-
sisted tele-operation, full autonomy) the operator has chosen. While during pure
tele-operation the operator’s commands completely bypass the robot’s anti-
collision system, in the other two modes they are combined with the outputs of the
safety system. What distinguishes RAVON’s control system from others is that dur-
ing assisted tele-operation or full autonomy, the operator can choose his level of
influence on the vehicle’s motion in a seamless fashion.

UsE of
Environmental
Structures (0)

% % Open Space Behaviour of
Attraction (p-2) igher Layer (p-1)

J

Fusion Behaviour
Layer 1 (FB1)

§

Inhibition

Operator
Command (OC)

Control

Fusion Behaviour
Layer 0 (FBO)

Fig. 8.4 The operator’s commands inhibit commands of higher layers and are sent to lower lay-
ers.

Fig. 8.4 depicts a part of the behaviour network. The figure illustrates how an op-
erator command is combined with outputs of p high-level navigation behaviours.
The behaviour receiving the operator command (from any kind of input device) is
connected via two streams with the remainder of the network: It sends the operator
command along with activity and target rating down to a fusion behaviour of the
lower layer and uses its activity to inhibit the fusion behaviour of the higher layer,
which combines the outputs of high-level navigation behaviours. As a result, there
is no binary selection of which commands are sent to the lower layers. Instead, the
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network can perform a soft transition from using only the high-level components
over using a combination of them and the operator command to using only the lat-
ter. In [8], we provide details.

For complex soft robotic systems that shall be able to interact with their envi-
ronment in a novel fashion, the ability to perform gradual, seamless transitions be-
tween two sources of control is essential. The soft integration of operator com-
mands is only one example. Another one is a soft reaction of a robot’s anti-
collision system to nearby hazards: Instead of simply stopping the robot’s motion,
a sophisticated system will first try to move the robot around the hazard in a soft
fashion. Such a functionality is also realised in RAVON’s control system and allows
for fast and smooth reactions to environmental disturbances.

With regard to its hardware, RAVON is a typical representative of classic (i.e.
stiff) robots. The only soft hardware components are its spring-mounted bumpers.
But the iB2C is also used to control a robotic system with compliant actuators,
namely a simulated bipedal robot [18]. Its control system is inspired by the human
locomotion system. The robot is able to perform human-like walking and can
properly react to environmental disturbances (see Fig. 8.5).

Fi

RN \

(a) (b) (©)

Fig. 8.5 The simulated biped reacting to different types of disturbances: step (a), external force
acting on its torso (b), downhill slope (c) (source: [18]).

8.4 Conclusion and Future Work

In this chapter, we have motivated the application of BBSes in soft robotics and
explained which techniques offer help in developing or analysing a behaviour
network. As we have shown in Sec. 8.3, the behaviour architecture iB2C is per-
fectly suited for supporting soft interactions of different sources of control like op-
erator commands or outputs of an anti-collision system. With this, we have
demonstrated the applicability of the iB2C in novel control systems for soft robots
like a bipedal robot with compliant actuators. In the context of future work, our re-
search group is going to improve the development and analysis techniques de-
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scribed above, invent new ones in order to face the challenges of soft robotics, and
finally apply them to soft robots.
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9 Optimal Exploitation of Soft-Robot Dynamics

Sami Haddadin

Leibniz Universitdt Hannover

Abstract Inspired by the elasticity contained in human muscles, elastic soft ro-
bots are designed with the aim of imitating motions as observed in humans or an-
imals. Especially reaching peak velocities using stored energy in the springs is a
task of significant interest. In this chapter, general results on maximizing a soft-
robot’s end-point velocity by using elastic joint energy are presented and dis-
cussed.

9.1 Introduction

Humans are capable of highly dynamic motions such as throwing or kicking. A
major feature that presumably enables them to perform such tasks is their ability
to store and release potential energy in the compliant elements of the musculo-
skeletal system in combination with inertial energy transfer between the rigid parts
of the body. However, only recently, intrinsically compliant actuation and its gen-
eralization Variable Stiffness Actuation (VSA) have drawn significant attention in
terms of offering novel ways to design and control [1, 3, 7, 16, 17]. The common
main arguments in favor of the soft-robotics concept VSA are its robustness and
expected energetic benefits, e.g. in terms of providing complex limit cycle mo-
tions for walking [18, 19]. Also, safety of compliant robots is generally argued to
be better for passively compliant robots, which is however not true in general [9].
This is because of another major benefit we can expect from these novel devices:
the capability to store energy in their elastic joints and release it for execution of
explosive motions. These robots can potentially exceed the maximum velocity of
an equivalent rigid robot with the same maximum motor velocity [15]. We ex-
plored this novel capability with the mathematical tools of optimal control. The
essential problem we considered was to find the optimal motor control input for
generating maximum link velocity for elastic robots. The first work on this topic
was done in [10], where the optimal controls for a 1DoF elastic joint was derived.
Later on, this result was extended to general VSA joints [11] and also approached
by other researchers [4, 6, 13].

A. Verl et al. (eds.), Soft Robotics, DOI 10.1007/978-3-662-44506-8_9,
© Springer-Verlag Berlin Heidelberg 2015
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9.2 Problem Formulation

Generally, the Minimum Principle [12] provides necessary conditions to be sat-
isfied by the optimal controls u* € U € R™ for a dynamical system expressed by
first order differential equations X = f(x,u,t). The controls u* minimizes the fol-
lowing scalar-valued cost functional.

Jw) = 9(x(t), ¢ ) + jfL(x,u, t)dt. (1)

0
In (1), L is called the running cost, ¥ the terminal cost, ¢; the final time, and

x € R™ denotes the system state [12].

In order to gain a thorough understanding of the optimal strategies for soft ro-
bots, we start our discussion with a simple robot arm consisting of only one joint
with constant joint stiffness K;. The considered velocity controlled system dynam-
ics (u(t) = ) is of second order

Mij= K6 —q) =71 (2)

e=fudt, (3)

where q denotes the link position, 6 the motor position, and M the link inertia.
7; = K;(0 — q) =:K;¢ denotes the elastic joint torque resulting from the angular
deflection ¢p = (6 — q). We consider the motor velocity to be bounded:

|u(t)| = |9| < Upax (4)

In order to understand the maximum performance of such an elastic joint, we in-
vestigate control strategies maximizing the link end velocity Q(tf). This basic
problem can be formulated in two ways: As a final time problem, where the ac-
cording maximum link velocity is to be found, or alternatively as a minimum time
problem, where the maximum velocity is known in advance. More complex for-
mulations would typically involve a running cost such as effort minimization or
similar demands. The cost functional J for the first problem is simply a terminal
cost

J=9(t) = —q(tp). (5)

Note that for this formulation we would need to specify a fixed final time t, since
the velocity of the unconstrained system would otherwise tend to infinity. The in-
vestigation of this problem for various basic 1DoF systems including variable
stiffness and damping can be found in [14, 20, 21, 22]. For the second problem
one would typically need to know the maximum possible velocity in advance and
find the minimum time trajectory to reach the desired final state. This can be de-
rived from physical reasoning for the case of limited elastic deflection for constant
and nonlinear joint elasticity, as described next.
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9.3 Optimal Controls for Constrained Deflection

The most important real-world state constraint in elastic robots is the maximum
angular deflection |¢| = |0 — q| < Prax that uniquely determines the maximum
possible link velocity ¢,,4,. This consists of the maximum motor velocity plus an

additional term Aq, which is related to the maximum potential energy Epoe, . =

%K](j),znax that can be stored in the joint spring. For constant joint elasticity this ad-

ditional velocity gain can be expressed as
AG = whmax (6)

where w = / % is the eigenfrequency of the mass-spring system. In principle,

Gmax can be obtained with various control trajectories. Our aim is, however, to
exploit the capabilities of the joint as fast as possible. Therefore, we seek for the
minimum time to reach the maximum link velocity. Interestingly, some physical
reasoning simplifies the problem considerably by dividing it into two separate
subproblems. Going backwards in time, one has to reach a charged state at t.,
(fully deflected joint spring) from the final state (maximum link velocity), see Fig.

9.1. This is simply achieved by moving at u = 6,,,,, until t.,. Then, one has to hit
the initial state at ¢ = 0 (resting position) from the charged state in minimum time.

I-f'2 = Ulmazx €I = "ima:l:
k
M
01
U1 = Ulmaz U1l = Ulmazr
:f(tch) & (tf)

Fig. 9.1 Releasing the spring from x( ¢ch) to reach maximum link velocity.
Note that u; = u = 6.

The resulting optimal controls for this problem are shown in Fig. 9.2, where the
system state is defined as x := (¢ ¢)7. If the maximum deflection of the spring is
not sufficiently large, the state constraint can become active, before x(t.,) is
reached (see Fig. 9.2, right). In that case we have a singular case. In the second
subproblem, which solution can be shown to be of bang-bang type, a set of ellip-
soidal switching curves can be constructed. Crossing these causes switching in the
controls.
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Fig. 9.2 Time optimal control strategy for maximizing link velocity.

Generally, 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 kinet-

ic energy is Ey;y = %M 62,5 Let us now introduce the ratio of the maximum po-
tential energy in the spring w. r. t. this kinetic energy

(7)

eg = = -

2 2
_ Epotymax _ Kj®Pmax _ (w ¢max)
> =

Ekin MOmax

9max

Eq. (7) relates directly to singularities and the number of switchings [8]. In order
to express the benefit of the spring on the maximum link velocity in terms of en-
ergies, we can express the maximum link velocity as

Gmax = émax(l + \/e—sl) (8)

The term € = Gyax/Omax = 1+ /€5 denotes the joint speed gain. It can be
shown that the motor needs to reverse its direction of speed each time the link
speed grows more than two times the motor speed, i.c.

Gmax — 1+, /est (9)

n,= —
¢ 2 Omax 2 7

where n, is the number of motor switching cycles.
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The analysis can be extended easily to nonlinear joint elasticities. From an energy
point of view, the maximum kinetic energy Ej;y,, .. of an elastic joint will always
depend on the maximum potential energy stored in the nonlinear spring and the
maximum motor velocity. eg; can now be defined as

ey = otmex - ZH T U@ (‘?”j"“x)z. (10)

Ekin MOmax Omax

Similar to the linear case, time-optimal trajectories, which result in the maximum
link velocity dmax = Pmax + Omayx in Minimum time can be computed. Fig. 9.3
shows phase plots of these trajectories for different ey; values. The energy ratio ey
was increased by decreasing 6,,,,, while keeping Epotma,@nd thus @y, Prmax

constant.

@y = hrad)

2 3
T3 = qrads|

Fig. 9.3 Time optimal control strategy for nonlinear joint elasticity.

The simulated joint is chosen to have the same nonlinear exponential spring char-
acteristics as the DLR QA-Joint [5]. The energy ratio ey can still be used as an in-
dicator for the singularity and the number of switchings for the time-optimal tra-
jectory. If eg < 1, the angular deflection constraint becomes active before
Gmax reaches 6,,,, and a singular optimal solution is the result. Furthermore, it
can be shown that for a fixed number of switches n., the motor velocity must al-
ways change at ¢ = 0 to obtain the maximum values for ¢ and g after the switch-
es. Since |P(0)| = uymay and switching u; changes ¢ by 2uy ay, the relative ve-
locity e, which denotes ¢ obtained with n. motor cycles is generally bounded
from above:

nc < (ch - 1)émax ( 11 )

Next, experimental ball throwing results with the 7DoF VSA robot DLR Handarm
System (HASY) [7], taken from [21] are described. They show that our basic anal-
ysis finds its equivalence in significantly more complex multi-DoF dynamics with
various state and input constraints.
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9.4 Experiments

The first experiment uses one shoulder joint together with the elbow joint for fixed
stiffness preset o, i.e. it is a 2DoF throw with nonlinear joint stiffness.

: ]1 : —|®rop| |
[ : -
3 7 ~|ITTCPlgim

maximum velocity

) rigid robot

velocity [m/'s]

Fig. 9.4 Throwing experiment with DLR’s HASY.

The experiment depicted in Fig. 9.4 (left) was carried out up to motor velocities of
5 rad/s for the shoulder joint and 2 rad/s for the elbow, where the robot reaches a
tip velocity of = 4.0 m/s. The throwing distance is = 5.5 m. The ball launches in
the fifth image at an angle of 45° and scores into the basket. The right plot depicts
the absolute Cartesian velocity for a throw at maximum motor velocity of
~ 2.0 rad /s for both joints (which reaches almost = 3.5 m/s at launch).

Fig. 9.5 Throw and catch between DLR’s HASY and Rollin’ Justin.
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The simulation and the experiment are in well accordance. If we assumed a stiff
robot driving at maximum motor velocity Op,q, = 2 rad/s, its maximum Carte-
sian velocity would be = 2.2 m/s, i.e. the elastic robot would be = 50 % faster.

Fig. 9.5 shows screenshots from another experiment, where a “throw and
catch” scenario involving two different soft robots is realized. The intrinsically
elastic DLR HASY is throwing a ball using the computed OC strategy from [21]
and the rigid, however actively compliant, mobile humanoid Rollin’ Justin catches
it using different state of the art control methods [2].

9.5 Conclusion

Making use of the energy that can be stored in the elastic joints of soft-robots is an
interesting and challenging task. The related research problems open up new ways
of controlling soft robots by truly exploiting their inherent dynamics and to out-
perform rigid robots e.g. in terms of peak velocity. Our basic and experimental
analysis over a series of papers over the last years was the first attempt to system-
atically understand these systems by unveiling e.g. the effects of damping, con-
straints on the angular deflection, coupling stiffness, nonlinear dynamics, and non-
linear elastic torques with stiffness adjustment. Together with the already
achieved, the continuation of this research direction might bring us significantly
closer to our ultimate goal of designing soft robots with human like performance.
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10 Simulation Technology for Soft Robotics Applications

Jiirgen RoAmann, Michael Schluse, Malte Rast, Eric Guiffo Kaigom, Torben
Cichon

RWTH Aachen University

Abstract Soft robots are implied to be inherently safe, and thus "compatible",
not only with human coworkers in a production environment, but also with the
"family around the house". Such soft robots today still hold numerous new chal-
lenges for their design and control, for their commanding and supervision ap-
proaches as well as for human-robot interaction concepts. The research field of
eRobotics is currently underway to provide a modern basis for efficient soft robot-
ic developments. The objective is to effectively use electronic media - hence the
"e" at the beginning of the term - to achieve the best possible advance in the re-
search field. A key feature of eRobotics is its capability to join multiple process
simulation components under one "software roof" to build "Virtual Testbeds", i.e.
to alleviate the dependancy on physical prototypes and to provide a comprehen-
sive tool chain support for the analysis, development, testing, optimization, de-
ployment and commanding of soft robots.

10.1 Introduction

Inspired by the behavior of soft-bodied animals to cope with uncertainties, the
newly emerging field of robotics, soft robotics, is a new compelling and promising
direction. Compared to traditional robotics, actuation and control are integrated in
and distributed throughout the mechanical properties as well as the structural mor-
phology of the robot in order to accommodate uncertainty [40]. For instance, the
robot subject to external disturbance undergoes shape deformation and stiffness
variation, allowing it to adjust its dynamics and morphology to the environment
and to robustly complete a task.

Despite these advantages, the development of soft robots is currently facing
various challenges. Among others, designing, selecting, and placing actuators
[25], sensing external disturbances and controlling the structure of these highly
underactuated systems in relation to very disparate environmental, operational and
performance specificities, and safety requirements are some issues encountered. In
view of the manifest complexity that characterizes research and application efforts
in soft robotics, as well as the high economic potential and technological impact
that may arise, it becomes essential to provide new perspectives for the analysis,

A. Verl et al. (eds.), Soft Robotics, DOI 10.1007/978-3-662-44506-8_10,
© Springer-Verlag Berlin Heidelberg 2015
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understanding, development, testing, optimization, and employment of soft robots,
regardless of the area of deployment.

Comprehensive simulation capabilites are already today the method of choice
to cope with the complexity and safety issues related to advanced robotic applica-
tions [41]. Experiences show that the capability to test and optimize algorithms in
simulation before the physical validation is of utmost importance [10]. Based on
physically correct simulation capabilities, optimization steps can then easily and
cost efficiently be applied [21]. This is crucial in hazardous environments like
space, but the ideas are also beneficial when talking about cost-effectiveness and
efficiency in production environments. Advanced simulation technology today
makes it possible to swiftly model scenarios to be investigated, to easily estimate
interaction parameters and to adjust the process very flexibly.

Considering today's robotic applications ranging from industrial robots over
exploration rovers on planetary surfaces to service robots, the simulation technol-
ogy appears to be available. Mechanical engineers are using FEM simulations for
structural or thermal analysis, electrical engineers are using block-oriented simula-
tions to develop sensors, actuators or controllers and both fields use kinematics or
rigid body dynamics to analyze the dynamic behavior of mechanical structures. In
addition, various application specific algorithms simulate special aspects like
wheel-terrain interaction, optics, fluid dynamics etc. The major problem still is:
The various simulation components do not yet work together well.

This chapter is meant to be a starting point to the application and combination
of advanced simulation capabilities to provide a comprehensive "Virtual Testbed
for Soft Robotics", i.e. a versatile virtual environment for the analysis, develop-
ment, testing, optimization, deployment, commanding, and supervision of soft ro-
bots. A summary of the current state of the art in the field of modeling and simula-
tion of "classical" and "soft robotics" in section 10.2 is followed by basic concepts
of eRobotics as a systematic approach to the simulation based development of ro-
botic applications in section 10.3. Section 10.4 addresses one of the most chal-
lenging aspects in modeling and simulation in robotics, the integration of different
process simulation algorithms in order to be able to simulate complex robotic sys-
tems from system level, down to the motor windings. Section 10.5 then focuses on
the simulation of actuated and controlled manipulators. Section 10.6 outlines vari-
ous application scenarios for the methodology presented before. Last but not least,
section 10.7 gives a short summary and an outlook into the future work currently
being pursued in the field of modeling and simulation of soft robotic systems.

10.2 State of the Art

This chapter focuses on the modeling and simulation of soft robots, for an over-
view of soft/continuum robotic hardware see e.g. [28]. To get started, currently
available approaches in the field of programming and simulation software tools
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are presented before the focus is shifted onto the transition from hard to soft ro-
bots.

10.2.1 Simulation in “Classical” Robotics

The simulation of classical robotic systems is a well-known and powerful source
of information for robotic applications. A huge variety of software tools are avail-
able to plan, predict, scale, and safely test different scenarios in various disciplines
in a time- and cost-efficient manner.

Methods

The methodology of classical robot simulation is usually based on kinematics
and/or rigid body dynamics. Whereas kinematic approaches just focus on the path
(a sequence of frames or joint angles) of a serial-link manipulator, a rigid body
dynamic simulation goes one step further and adds physical interaction and realis-
tic physical properties. Robot dynamics model the robot’s reactions under the in-
fluence of applied torques and forces by integrating the equations of motion. To-
day, the most commonly used motion-, contact- and friction models are simplified
descriptions of the physical processes [9].

Examples of the use of rigid body models for robotics are the design, analysis,
and optimization of conveyor systems [38] and the virtual robot program devel-
opment for assembly processes [30]. Two essential aspects of rigid body simula-
tions are the modeling of the relevant physical effects on the one hand, and the
parametrization of models on the other hand. The identification and validation of
parameters is achieved in different experiment setups [35, 22, 33].

Programming and Control

The evolution of robot programming concepts reaches from early control concepts
on the hardware level, via point-to-point and simple motion level languages, to
motion-oriented structured robot programming languages. In general, the classical
robot has a specific end effector following a preplanned path. For this, the two
worlds of robotic programming - the physical world and the abstract model - have
to be kept consistent by using internal and external sensors. This model is the ba-
sis for the planning and execution of automatically generated action sequences in-
cluding automated generation of collision-free paths and force controlled opera-
tions [42].
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Simulation Software

In the field of robotics there is a variety of efficient simulation software available.
Some known, and currently used, simulation software tools are ROBCAD [36],
ROBOTEXPERT [37] and PROCESS SIMULATE [26] from Siemens PLM
software, DELMIA from Dassault Systémes [7], and CIROS [32] (all used for
simulation and decision making of robot-based automation), EASY-ROB [29]
(robotic simulation down to joint level), V-REP [6] and GAZEBO [23] (both spe-
cialize on sensors and image-based assembly systems), ROBOTRAN (physics-
based symbolic modeling of rigid body system [12], used for symbolic regression
models in the identification of target-robotic-systems, like in [8]) and VEROSIM
(3D simulation platform for eRobotics [34]). The application of such simulation
tools led to efficient and flexible possibilities for planning and optimizing robotic
factories, sensors, assembly systems, and much more.

10.2.2 Simulation in Soft Robotics

The known tools and methods of robotic simulation are not yet able to cope with
various aspects in the field of soft robotics. For example, soft robotic simulation
requires capabilities ranging from the simulation of single soft bodies over the
self-/ and multibody-interaction to advanced robot/environment-interaction [17].

Methods

In current research there are three major aspects regarding the simulation of soft
robots. The first aspect is the vast amount of degrees of freedom the simulation
has to cope with when soft robots interact with their environment. In classical ro-
botic setups the localization of the end effector is usually controlled by a well
structured, nonlinear, set of equations of motion. The dynamics of soft robots can
no longer be described by ordinary differential equations and needs a partial dif-
ferential equations approach. A robot's configuration is then represented e.g. by a
curve or surface in a specific space [40].

Secondly, a simulation of soft robots has to take nonlinear effects into account,
both on the material and the geometrical side. The realization of soft robots will
require compounds of multiple materials in complex shapes. To enable true heter-
ogeneous multi-material simulation, materials with varying properties (stiffness,
density, Poisson's ratio, thermal expansion coefficient, and friction coefficient)
have to be dealt with as one compound object in simulation [16].

Thirdly, the parametrization of soft robots today is mainly based on estimations
which are difficult to verify due to many empirically derived parameters [21].
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Programming and Control

Other than the predefined motion of conventional robotic systems, soft robotic
systems will have to adapt their trajectory to the changes of their body shape and
structure. Continuous robots no longer have discrete joints and undergo elastic de-
formation. This requires novel control engineering approaches [28]. The end ef-
fector makes another difference compared to classical robots. Instead of a special
end effector for a specific task, the soft robot itself can function as a universal end
effector for grasping and component handling. This leads to a variety of possible
grasping configurations and also to different loading outcomes due to gravity. Fur-
thermore, new types of sensors and actuators must be simulated to be able to rep-
resent the new unconventional deformation and motion patterns. Examples for the
modeling of an octopus inspired robot arm are given in [27] and path planning and
shape estimation is described in [40]. Subsequently, in [39], three possible sensing
methods are discussed, simulated, and validated. A non-constant curvature manip-
ulator (canonical octopus arm) is studied in [14], where a piecewise constant cur-
vature approximation method for forward and inverse kinematics, a continuum
geometrically exact approach for forward kinematics, and a Jacobian method for
inverse kinematics are proposed.

Simulation Software

In this challenging, multi-physical, field the flexibility, large deformation poten-
tial, and the non-rigidity require the simultaneous analysis of solid and fluid me-
chanics, electromechanics, thermodynamics, and chemical kinetics of the process-
es involved [40]. According to [21], there is a lack of design automation tools for
soft actuation methods and control development. One approach to implement a
soft dynamic simulation tool is given by Hiller and Lipson's "VoxCad" [15],
where a finite element analysis (FEA) is the basis for a voxel-based mass-spring-
damper model [16]. In each iteration step all internal forces are calculated and af-
terward all positions are updated. Nevertheless, the interaction between two soft
bodies is not yet scientifically conclusive in this model. FEA simulations contain
the needed information about the entire mesh and the local node properties but
non-linearities, like deformations, friction, or advanced material models, lead to
periodic re-meshing that in turn requires additional iterations to solve the underly-
ing linear equations. Another tool to analyze soft body interaction is the so-called
"Soft Cell Simulator", where soft multi-cellular robots can be analyzed in 2D. The
underlying pressure based model, the soft behavior of single cells, scalability of
multiple cells and their potential applications are discussed in [13].
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10.3 The Basic Concepts of eRobotics

The state of the art section clearly illustrates the basic necessity as well as the on-
going interest in soft robot simulation technology. The research activities are in an
early stage but simulation in soft robotics is a promising, emerging, field of re-
search and addresses soft actuators, soft sensors, soft materials, soft interaction,
and "soft control". Complexity and multidisciplinarity require a profound under-
standing of underlying mathematical models and advanced activity in implement-
ing a comprehensive simulation environment. Alternatively, a holistic approach to
simulation in soft robotics requires an encompassing concept which can act as a
framework for the various developments necessary. This is where eRobotics
comes into play.

The research field of eRobotics is currently an active domain of interest for sci-
entists working in the area of e-Systems engineering. The aim of eRobetics is to
provide a comprehensive software environment for the development of complex
technical systems. Starting with user requirements analysis and system design,
support for the development and selection of appropriate hardware, programming,
system and process simulation, control design and implementation, and encom-
passing the validation of developed overall systems, eRobotics provides a contin-
uous and systematic computer support during the entire life cycle of complex sys-
tems. In this way, the ever increasing complexity of current computer-aided
technical solutions will be kept manageable, and know-how from completed work
is electronically preserved and made available for further applications.

10.3.1 3D Simulation-Based Development

To provide the necessary degree of "computer support" mentioned above, eRobot-
ics makes extensive use of 3D simulation technology, which is especially im-
portant for soft robotics to simulate continuous sensors, actuators, and joints as
well as various interactions with the robots' environment. 3D simulations are used
right from the beginning of the development process to test first system design
studies in the concept phase. During system development, fully functioning inter-
active virtual prototypes allow for an efficient and goal directed development, test
and verification both on the component as well as on system level at any point of
time.

10.3.2 The Virtual Testbed Approach

The integration of data processing algorithms like image processing, generic con-
trollers, or supervisors with environment models into a comprehensive simulation
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leads to Virtual Testbeds (VTBs). Such VTBs are the basis for simulation-based
optimization, reasoning and control approaches.

Virtual Testbed (VTB)
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Fig. 10.1 Basic structure of a Virtual Testbed and its connection to real world systems [1]

Fig. 10.1 outlines the basic structure of a Virtual Testbed, the components in-
volved, and their state and parameter vectors. Each vector s(t) = [x(t),a] con-
sists of a dynamic part x(t) (any time-dependent state variables such as positions
of moving parts, joint values, or motor currents) and a static part a (e.g. controller
parameters, fixed structural dimensions, or any other constants). The core of the
figure is the data processing system (DPS), which processes the sensor data or
commands the robot’s movements. The internal state of this DPS is called s f;;l(t).
All sensor data input to the DPS is contained within s j::se(t), whereas s Zf:(t) con-
tains output to actuators. Sensory input to a DPS is usually evaluated and inter-
preted in a certain way, which leads to an estimate about some physical quantities
of the real environment, the "perceived" environment s j:i(t) of the DPS. For ex-
ample, when a mobile robot system uses a SLAM algorithm to maintain its current
location and an estimated map of its environment, then this internal map represen-
tation would be part of s Z::(t). In conclusion, the full state of the DPS is

s®(t) = [s™ (8),s™ (£),s™(1),s ()] QY
sense mp act — env

During regular operation of the DPS in production or for evaluation, both switches
and T,, are set to position "real", i.e. s® (t) is fed from the physical sensors

sense act
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with s :::ie(t) and the DPS's actuator commands s :fj(t) are forwarded to the phys-
ical actuators s Z‘:’(t).

To model the physical system (e.g. vehicle, robot, or assembly line), all its dy-
namic and static properties are aggregated in s :;:’(t), which covers mechanical

structure, joints, and software modules not included in the DPS - any relevant state
of the real system. Finally, we have the physical environment the system is operat-
ing in. All relevant physical properties, such as e.g. geometric shapes of the
ground and surroundings, lighting conditions, gravity, and so on, are represented
by s :i‘;’(t). Hence, similar to (1), we have the full state of the physical system and

its environment in
greal (t) — [£ real (t), Ereul(t)’ Ere[;l(t), Ereal(t)]‘ (2)
sense SyS aci env

In order to operate the DPS in a computer simulation with both switches T,,,,, and

sense
T,.. set to position "sim", we need to provide realistic sensor data s (t) and have
— sense

the simulation react to the output s Zf:(t). This is only possible in a simulated
environment which mimics all relevant aspects of the real world s **(t). This
is why we introduce a corresponding s "™ (t) for each s :‘“(t). Together, they make

up the full state vector s (t) (similar to (2)). Thus, our full VTB consists of the
DPS's state s%PS(t) and the simulation's state s57(t), so

£vtb(t) — [ESim(t)'ﬁdps(t)] (3)

Key idea of the VTB concept is that the DPS is a component within the whole
VTB. This enables development, evaluation, optimization, and productive opera-
tion in the very same hard- and software environment. By turning only a single
switch - i.e. T, and T, combined - one can alternate between virtual and real
operation. By design, the DPS is not aware whether it is being operated in a real or
simulated environment.

The input signal u(t) consists of commands for robot operation, controller set
points, trajectories or other input. It may also be required to initialize the simulat-
ed environment and its components s (t) with s$™(t,), which can usually be
loaded from file or sometimes even be generated from s%PS(t), depending on the
scenario.

Fig. 10.2 shows an implementation of the concept for the development of walk-
ing robots.
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Fig. 10.2 A typical Virtual Testbed environment, here used for the development of walking ro-
bots [43] (robot: ©DFKI Bremen)

10.4 Integrating Simulation Algorithms

To simulate soft robots in Virtual Testbeds containing the robots, their environ-
ment as well as their data processing systems, it is necessary that algorithms (sim-
ulation, data processing, etc.) from multiple domains work together to mimic all
relevant aspects of the real world. The goal is that the robot and its environment
evolve almost identically (s"®%(t) ~ sS™(t)) with respect to the controller im-
plementation s ‘;:;(t).

Methods for the multidisciplinary simulation of physical processes can be cate-
gorized into single-domain and multi-domain methods (see Fig. 10.3). If the sys-
tem is modeled with a multi-domain language, an interpreter converts the model
into a system of differential-algebraic equations (DAEs), which are then numeri-
cally solved. Another class of multi-domain simulation methods is based on the
spatial discretization of the considered system. In multi-domain modeling, it is
convenient for the user that he can model the overall system with a single user in-
terface. However, the automatically generated DAE-System can be complex and
unstructured and may have to be transformed to allow for a stable numerical inte-
gration.
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Fig. 10.3 Categorization of physical process simulation

Single-domain simulation methods that are implemented to model one specific
physical process are typically more powerful in this specific domain than multi-
domain tools, i.e. they cover more effects closer to reality or are computationally
more efficient. On the other hand, the coupling of domain-specific simulation
tools requires more effort, the user has to deal with various systems, user interfac-
es, programming languages, and software licenses.

10.4.1 Multi-Domain Modeling with Bond Graphs

Bond graphs are a graphical description language for physical systems [4, 3]. They
can be used to model significant parts of the simulation model sg;,,, and deliver
basic concepts for the integration of different algorithms (see section 10.4.2). The
nodes of bond graphs are physical subsystems and the edges (called bonds) de-
scribe their interaction [4, 3]. A bond exchanges two physical quantities (called ef-
fort and flow) whose product is power (hence also called power-coupling). A bond
is an ideal connection that guarantees energy conservation between the subsys-
tems. The basic elements of a bond graph can be generalized, since the physical
concepts of the various domains (electric, mechanic, hydraulic, acoustic, thermo-
dynamic) are the same. Like physics itself, bond graphs are not causal. This has
the advantage that bond graph models can be reused and hierarchically assembled
to larger models. Not until the system needs to be simulated, the calculation direc-
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tion in the bonds is determined in the so-called causal analysis. This corresponds
to the transformation of the subsystems' equations to a DAE-system that can be
numerically integrated.

For illustration, Fig. 10.4 and 10.5 show a common DC motor model in classi-
cal block diagram notation and as bond graph.
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Fig. 10.4 Block diagram of a DC motor
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Fig. 10.5 Bond graph of the system in Fig. 10.4

10.4.2 Multi-Domain Modeling by Integrating Single-Domain Tools

In the modeling of a multi-domain system using several domain-specific simula-
tion tools, the coupling points, the exchanged physical quantities and the numeri-
cal coupling scheme have to be chosen. Let the overall system be described with a
DAE of the form:

Ai(t) = f(xt) @)

To describe one part of the system with a more efficient domain specific simula-
tion system, it can be broken apart:

A, % (0) = ﬁ(&’ﬂl’t) A, %,(8) = fz({z'ﬁzﬂt)
y1= g1(x ) V2 = 9222 Uz) (5)

To arrive at an equivalent overall system, we have to couple input and output
quantities:
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For the coupling of mechanical simulation models, several approaches for the ex-
change of physical quantities are used. This can be purely kinematic properties,
like positions and velocities, or only forces or a combination of both. In the dis-
placement/displacement coupling, i.e. the bidirectional exchange of positions or
displacements, the system does not have to be separated into disjoint parts at one
coupling point, but both subsystems have to contain an overlapping part [5]. The
coupling has to be modeled carefully to avoid a distortion of the system properties.
Furthermore, the overlapping part can become inconsistent due to integration er-
rors which need to be synchronized. If a bidirectional exchange of velocity and
force (i.e. power-coupling, see section 10.4.1) is used, a single coupling point can
be chosen. This can be interpreted as a bond that is not coupling two subsystems
in one DAE, but between two DAEs. This power-coupling is again energy-
conserving by definition and is generic, such that it can be applied to all domains.

Besides the question of the coupling quantities, there are several approaches to
the numerical integration of the coupled system. Let the system be modeled in two
different simulation systems in the form of DAE:s. In the strong coupling, the DAE
is exported from one system to the other and the complete system is solved with
one integrator. This is the most stable solution. Sometimes it can be sensible to
solve the systems separately (weak coupling), for example if the system can be
separated into a stiff and a non-stiff part. The non-stiff part can be solved with
larger time steps and the overall simulation is more efficient. The weak coupling
can be executed by embedding the first DAE with dedicated integrator into the se-
cond simulation system or with classical co-simulation. The Functional Mockup
Interface [2] provides an implementation for strong and weak coupling.

There are several schemes for the coordination of the numerical integration in
the weak coupling. These can be explicit (e.g. Jacobi scheme), semi-implicit (e.g.
Gauss-Seidel scheme) or implicit, analogous to the integration schemes. Since the
coordination scheme has no information on the DAEs, implicit coordination
schemes can only work iteratively (e.g. waveform relaxation).

10.5 Simulation of Actuated and Controlled Manipulators

While the last section mainly addresses the simulation of the robot and its envi-
ronment (s°™), this section focuses on the development of the motion controller,
—sys

an important part of s d”sl and the simulation ss"’:‘ of actuators. The developed ap-
— imp — act

proach aims at using active and variable compliance control to endow rigid robots
with softness.
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10.5.1 Simulation of Compliant Robots

From the multibody modeling point of view, a physically interacting robot is char-
acterized by a vast amount of constraints, which range from a revolute joint up to
friction, body compliance (e.g. stiffness and damping), and contacts with non-
penetration requirements. In order to uniformly handle both the motion of multi-
body systems and related constraints, the developed approach combines the se-
cond law of Newton and the work-less enforcement of constraints [18].

10.5.2 Generation of a Compliant Trajectory

Denoting by W, the vector of contact forces and torques and J the Jacobian matrix

relating the velocities of the CoM of the links to the joint velocities, the vector
I, = [t1,, "+, Tn,] of external joint torques follows as
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Fig. 10.6 Simplified overall hybrid simulation architecture

Admittance parameters m (mass), d (damping), and s (stiffness) are used by the
joint admittance controller to generate the compliant trajectory. The latter is real-
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ized by enforcing for each joint a mass-damper-spring relationship between the
sensed, external joint torque 7, and the deviation Aq = g4 — q.(t) of the desired
joint position g4 from the compliant, time varying joint position q.(t)

mAg§ + dAq + sAq = 7, (t). (8)
The time discrete solution related to (8) follows as [19]
X(k) = 2 X(k — 1) + [e2 — I]A™'F, ©)

where the (2 X 2)-matrices A and F depend on m, d, s and 7,. Further, X(t) =
[Aq AG]T, X(kAt) = X(k), k € N, and At is the time step.

In case of vanishing external joint torques, one can infer that there is no exter-
nal disturbance acting on the robot. Hence, the robot has to be decelerated. For
this purpose, the fixed joint admittance damping and inertia are smoothly in-
creased and decreased as function of time with an exponential shape. In the other
case of non-vanishing external joint torques, we decrease the robot resistance. To
this end, joint damping and inertia smoothly decrease exponentially.

10.5.3 Torque-Based Tracking of the Compliant Trajectory

In order to track the compliant joint trajectory generated during an interaction, a
feedback approach that relies on the Lagrange formalism is used to decouple and
linearize the robot dynamics at acceleration level along the entire joint trajectory.
Joint torques commanded for this purpose, depend on the current robot dynamics
captured at each step. They are furnished by the simulated actuation, which con-
sidered the structural compliance, gear reduction, and power related to the motor
voltage and current.

10.5.4 Drive Train Modeling and Simulation

An intuitive approach to model the drive train consists in apprehending its consti-
tuting electromechanical structure in a uniform fashion (see section 10.4.1). The
modified nodal analysis can then systematically assemble the drive train. This re-
sults in a linear equation to be solved for the unknown currents, torques, voltages
and velocities [20].

10.5.5 Torque Control

Acceleration feedback is useful to decouple the torque dynamics from the rigid
body dynamics [24]. Notice that the joint state and accelerations are available on
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the simulator. This approach is particularly useful as it allows different torque
based control techniques to be implemented on flexible joint robots. The structural
flexibility of the joint is involved in the exponentially stable dynamics of the
torque error.

10.6 Applications

In this section we introduce three examples which use eRobotics concepts to simu-
late soft robots or soft materials or to implement compliant robot behavior.

10.6.1 FESTO Bionic Handling Assistant

The FESTO Bionic Handling Assistant [11] is an innovative robotic system in-
spired by an elephant's trunk. With pneumatic actuators in the arm and flexible el-
ements in the gripper, delicate objects can be manipulated very gently. The robot
is inherently compliant without complex sensors or control. Despite the seemingly
contradictory approaches, rigid body simulation can be used to model this soft ro-
botic systems by partitioning the system into sufficiently small rigid parts and
connecting them with appropriately parametrized spring damper constraints.

Fig. 10.7 shows an approximation of the pneumatic arm with three segments of
ten links each

Fig. 10.7 Simulation of the FESTO Bionic Handling Assistant

10.6.2 Soft Physical Human Robot Interaction

This second example addresses the use of admittance control to decrease the felt
resistance of the robot during physical interaction with the real robot. The setup is
shown in Fig. 10.6. At the beginning of the experiment, the robot is fully extended
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straight ahead on the horizontal plane (see Fig. 10.6). Except for the fourth joint,
the stiffness and damping joint values are set very high. The task performed by the
operator was to first move the fourth joint from its initial position q, = 0° to the
intermediate position g, = 90° by interacting with the sixth link. Then, the opera-
tor releases the link and the robot moves freely backwards to its initial configura-
tion according to the chosen admittance parameters. The constant and variable
admittance parameter cases were compared.
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Fig. 10.8 Parameter and Dynamic Values w.r.t. the 4-th Joint

As can be seen in Fig. 10.8(a), constant admittance parameters give rise to a faster
backwards joint motion when compared with the adapted parameters whose be-
havior is depicted in Fig. 10.8(b) and Fig. 10.8(c). The external torque amplitude
difference in Fig. 10.8(d) conveys insight into the amount of robot dynamics felt
during the interaction for the same angular deflection. It reveals that the operator
exerts considerably less external force with adaptable parameters in order to man-
ually move the robot. This highlights the potential of integrating simulation into
compliance control to shape the resistance of a position controlled robot. It is
worth to note that the approach can be applied to other robots having a positional,
torque, or current interface.
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10.6.3 Terramechanics

As another example for the integration of rigid and soft simulation algorithms, we
present the coupling of a rigid body simulation with a soil simulation model based
on cellular automata [31]. The contact between a rigid body and soft soil (e.g. reg-
olith on the moon) can be described as a spring damper system (Fig. 10.9). The
constraint of a fixed ground is depicted as a flow source with v = 0 (Fig. 10.9(b)).
Since this does not contribute to the energy balance, the bond graph can be simpli-
fied (Fig. 10.9(c)).

I:mq C:k [:mq
m T =
k= 1 d Ob——1 1 — Cik
Az
Sf:0 R:d R:d
(a) Mechanical diagram (b) Bond graph (c) Equivalent bond graph

Fig. 10.9 Contact between rigid body and soft ground as spring damper system (1D)

Friction and normal forces can depend on the compression of the soil, which can
be a non-linear function of the penetration depth. The tangential friction forces
depend on the normal forces. All that can be described as a bidirectional exchange
of flow = velocity of the rigid body and effort = restoring force of the soil. The in-
tegration of the C-Element is done in the rigid body simulation and the position of
the rigid body determines the contour of the soil during contact. This is directly
stored in the geometric surface model, such that visualization and simulation work
on the same data. The R-Element is represented by the soil simulation model,
since the dissipation energy of the contact is incorporated in the deformation of
the ground. This technique is applied to realize the Virtual Testbed in Fig. 10.2 to
model the contact between the legs of the robot and the lunar surface.

10.7 Conclusions and Outlook

This chapter clearly illustrates the basic necessity for powerful, versatile, and
comprehensive modeling and simulation capabilities for soft robotics applications.
The developments for traditional robotics can be a starting point for these devel-
opments. The approaches are able to simulate soft components to a certain extent,
but to fully exploit the capabilities of soft robots in simulation, new approaches
are necessary. But obviously there is a lack of modeling and simulation approach-
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es for soft robotics. To close this gap, it is necessary to develop algorithms to sim-
ulate the various aspects of soft robots in fields like structure, materials, actuation,
sensing, or interaction and to develop integration frameworks which are able to
simulate soft robots on system level incorporating not only the robot itself but also
its data processing part as well as its environment. eRobotics concepts seem to be
able to provide the necessary engineering approaches ranging from fully function-
ing Virtual Testbeds up to simulation-enhanced data processing using simulation-
based reasoning and control approaches. This way, simulation technology for soft
robotics provide everything necessary for simulation-based development of soft
robots:

e research and development of various robot structures, materials, actuators, and
sensors as well as various control or interaction concepts

e consolidation of interdisciplinary developments

e test and verification of various concepts on system level

simulations with a wide range of process variations (free choice of environ-

ment, constraints, user interactions etc.)

hardware prototypes are no longer the bottleneck

fast, cost effective, and goal directed evaluation of alternative designs

transfer of the developments in practical applications

support of technology marketing and transfer within the context of dissemina-

tion

We not only strive to deepen the above results, but also to further strengthen the
symbiosis between the latest and coming progresses in robotics and advanced
computer simulation to tackle current issues and open up new perspectives to fu-
ture soft robotic applications, regardless of the area of deployment.
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11 Concepts of Softness for Legged Locomotion and Their
Assessment

Andre Seyfarth, Katayon Radkhah, Oskar von Stryk

Technische Universitit Darmstadt

Abstract In human and animal locomotion, compliant structures play an essen-
tial role in the body and actuator design. Recently, researchers have started to ex-
ploit these compliant mechanisms in robotic systems with the goal to achieve the
yet superior motions and performances of the biological counterpart. For instance,
compliant actuators such as series elastic actuators (SEA) can help to improve the
energy efficiency and the required peak power in powered prostheses and exo-
skeletons. However, muscle function is also associated with damping-like charac-
teristics complementing the elastic function of the tendons operating in series to
the muscle fibers. Carefully designed conceptual as well as detailed motion dy-
namics models are key to understanding the purposes of softness, i.e. elasticity
and damping, in human and animal locomotion and to transfer these insights to the
design and control of novel legged robots. Results for the design of compliant leg-
ged systems based on a series of conceptual biomechanical models are summa-
rized. We discuss how these models compare to experimental observations of hu-
man locomotion and how these models could be used to guide the design of
legged robots and also how to systematically evaluate and compare natural and
robotic legged motions.

11.1 Biomechanics of Legged Locomotion

Computer simulation models can be very powerful tools for analyzing and de-
scribing human and animal locomotion. In the last years sophisticated human mo-
tion simulation environments have become widely accessible to the research
community both for forward dynamics (e.g. OpenSim [5]) as well as for inverse
dynamic calculations (e.g. AnyBody [4]). These software tools can be used to de-
scribe human (or animal) motion dynamics as the result of the interaction between
body mechanics and actuator (muscle) dynamics. However, because of the very
large number of parameters and submodels involved their validation and calibra-
tion is highly challenging and not yet reasonably solved. In contrast to these de-
tailed models there is an increasing number of conceptual models which are de-
signed to understand the basic mechanisms of legged locomotion. These models
are mostly based on the inverted pendulum model (IP) [1] or on the spring-loaded
inverted pendulum model (SLIP, originally introduced by Blickhan [2] and

A. Verl et al. (eds.), Soft Robotics, DOI 10.1007/978-3-662-44506-8_11,
© Springer-Verlag Berlin Heidelberg 2015



121

McMahon and Cheng [22]). Both models can be considered as template models
[11] as they describe the key mechanics of the center of mass (CoM) during leg-
ged locomotion at a most reduced level of detail.

In the IP (inverted pendulum) model, the distance between the CoM and the
contact point at the ground during stance phase is assumed to be constant. Hence,
the CoM is travelling on a circular arc over this support point at the ground. In
contrast, in the SLIP (spring-loaded inverted pendulum) model — a two-
dimensional spring-mass model — the leg operates similar to a linear prismatic
spring. Here, the distance of the CoM to the support point is not constant. For in-
stance, in running the leg first compresses and finally decompresses until the end
of contact. The characteristic loading-unloading cycle of the conceptual leg spring
is associated with a typical sinusoidal pattern of the ground reaction force (GRF).
This basic leg mechanics can also be found in other bouncy gaits such as human
hopping [10] and jumping [29] or quadrupedal trotting [15].

An analysis of experimental data of human running reveals that the leg indeed
compresses with leg force being about proportional to the amount of leg shorten-
ing [20]. This experimental observation has led to the concept of a leg spring.
Here the leg spring constant, called leg stiffness, describes the ratio between the
maximum leg force and maximum leg compression (the amount of shortening of
leg length during contact). It is important to note that this ratio only describes an
overall spring-like leg behavior represented in the force-length relationship and
does not necessarily reflect the action of a single mechanical (passive) or con-
trolled (active) spring. For example, also a mass which is moved up- and down-
ward by being attached to circulating disc will generate a spring-like behavior,
meaning that the force generated in a harmonic manner will lead to a 180° out-of-
phase relation between force and position of the mass. Hence, the concept of the
leg spring is less representing a real spring but rather the mechanics of a harmonic
oscillation, which may be the result of quite different complex mechanisms (e.g.
kinematic program, compliant structures, muscle-tendon-skeleton dynamics).

In case of the human locomotor function, leg forces are generated through
muscle activation. The muscle forces are transferred to the joints (as joint torques)
through tendons, which operate in series to the muscle fibers. Hence, compliant
leg function is determined by the highly elastic properties of the tendons of which
many span multiple leg joints. For instance, in the human Gastrocnemius muscle —
the large calf muscle spanning knee and ankle — the muscle fiber length is only
about 10% of the total length of the muscle-tendon complex [18]. Thus, at higher
forces and resulting loading dynamics, the muscle fibers can only partially con-
tribute to overall muscle-tendon work. As a result, the force-length profile gener-
ated by the muscle-tendon system is largely determined by the function of the
elastic tendon [30]. This elastically shaped muscle function in bouncing gaits (e.g.
running, jumping, hopping) translates into the joint function and finally into a leg
function, which force-length relationship is very similar to that of a linear spring.
The resulting slope of this relationship is often compared to (and sometimes even
interpreted as) the “leg stiffness”. This comparison (and phrasing) has to be made
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very carefully, as the observed “leg stiffness” is a combination of both elastic and
nonelastic mechanisms, which need to be separated from each other.

In Table 11.1, selected body and leg spring parameters in human and animal
locomotion are summarized providing key reference data for legged robots to
achieve comparable motion performance. Please note that the stiffness values pro-
vided by Herr et al. [16] are derived based on a computer simulation model to
match experimental gait patterns. The leg stiffness values estimated by Lipfert et
al. [20] take shifts in the center of pressure (CoP) position during contact into ac-
count. Farley et al. [8] found that across different animals, leg stiffness scales to
body mass according to ky g = 0.715m*®’. In most of the analyzed animals in this
study, leg stiffness was found to be largely independent of speed.

11.2 Legged Locomotion in Robotics

Since the beginning of robotics more than 50 years ago, robots for practical appli-
cations are predominantly designed by the principle of kinematic chains of rigid
joints and links [28]. Mechanical elasticity has been considered harmful. Limited
positioning accuracy caused by link deflection due to compliance, which cannot
be avoided by robot design, are usually handled by augmenting position control
algorithms with models of link deflection in order to compensate for them. The
rigid kinematic chain paradigm facilitates a corresponding modular robot design
from largely independent building blocks (i.e. joint level actuation, sensing and
control). Robot tasks are usually formulated in operational space (e.g., as trajecto-
ries of the end effector in world coordinates). In practice, operational space control
is commonly approximated by coordinated decentralized, single-input-single-
output joint space controllers [3]. Such an approach is feasible for conventional
robot designs with relatively high stiffness and low compliance. Elastic and com-
pliant behavior of a rigid robot in a contact task can be achieved by advanced con-
trol methods, e.g., impedance control [34].

These concepts for the design and control of powerful robotic arms provided
the models for the currently most common four-legged and bipedal robot designs
[17]. The Zero-Moment-Point (ZMP) is the best known and commonly used
scheme to implement stable bipedal walking for such robots. Virtual compliance,
e.g. based on impedance control, and improved actuators provides some of the lo-
comotion performance of humans like jogging type motion with small flight phas-
es of both feet. This approach cannot recover much energy between steps and is
therefore highly energy inefficient. It also requires full feedback and sufficiently
low latency of the control loop.
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Table 11.1 Selected spring-leg parameters for four-legged animals and humans.

species mass leg stiffness  stiffness speed gait  Reference
(kg) length  fore-limb hind-limb (m/s)
(m) (kN/m) (kN/m)

human 734 097 — 12 2.5 run Farley and Gonza-
lez, 1996
human 70.9  0.95 — 23.5 1.55 walk  Lipfertetal., 2012
human 70.9  0.98 — 16.5 2.59 run Lipfert et al., 2012
dog 1 5.1 0.20 1.9 1.2 1.9 trot Herr et al. 2002
dog 2 239  0.50 2.9 1.9 2.9 trot Herr et al. 2002
goat 252 048 4.9 2.7 2.8 trot Herr et al. 2002
horse 1 134 0.75 18 9.1 2.7 trot Herr et al. 2002
horse 2 676 1.5 37 22 2.9 trot Herr et al. 2002

The locomotor system of humans and animals is following another design ap-
proach. The biological system would not be capable to realize these state-of-the-
art control concepts used in engineering. Its motor system is highly redundant and
compliant with many actuators (muscles) spanning one or multiple leg joints and
many (individually controlled) motor units with different actuator properties shar-
ing the work within one muscle. At the same time biological signal processing and
actuator dynamics are slow. The resulting latencies in the control loop only enable
feedforward control of fast motions. Compliant structures (e.g. tendons, ligament,
titin) are largely shaping the forces acting on the body.

With increasing motion speed the contribution of sensory feedback to motor
control reduces and the system and actuator dynamics are becoming key players
for motion generation. Sophisticated control approaches such as ZMP or hybrid
zero dynamics (HZD) [33] could not operate on the biological system.

Recently the development of novel variable impedance actuators has gained
strong momentum in robotics [37]. These provide promising abilities for compli-
ant robot design including capabilities to store energy and to passively support
push off for the next step and to instantaneously compensate for shocks from col-
lisions of the feet with the ground. However, new design and control concepts
need to be investigated to fully utilize the potential of these new compliant actua-
tors for legged robots [38] including systematic assessment of actuation and con-
trol with muscle-tendon units spanning multiple joints versus compliant single
joint actuation only.
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With the help of biomechanical template models [11], key parameters of bio-
logical motion patterns can be identified and matching control approaches can be
derived. For the transfer into technical systems, the key challenge remains to de-
fine to what extent the biomechanical template can and must to be represented by
the design of the mechanical system and the actuators and what is the contribution
of control to shape the body dynamics and motion performance during selected
motion tasks.

11.3 Biomechanical Concepts for Legged Locomotion

The design process of technical legged systems like legged robots or leg prosthe-
ses which mimic the design and function of the biological counterpart can be
strongly supported by biomechanical concepts. However, often these concepts are
focusing only on specific features of legged locomotion. In order to be useful for
the design of technical legged systems, several of these conceptual models conse-
quently need to be extended and combined properly to reach a sufficient level of
detail and complexity. In the following we will address how specific design fea-
tures of the biological system can be combined in a more comprehensive concep-
tual approach for the design of legged robotic systems.

As pointed out in the introduction, human leg function is largely shaped by
elastic properties of muscles and other soft tissues of the human body. Though, the
tendon properties in the human leg are well defined, the resulting leg function is
largely dependent on the leg geometry (e.g. whether the joints are extended or
flexed) and on the muscle-tendon dynamics and their interactions during a specific
movement. For example, in human standing calf muscles can operate (lengthen
and shorten) out-of-phase to the Achilles tendon [36]. For instance, with increas-
ing muscle force, the tendon lengthens while the muscle fibers shorten. As a re-
sult, the overall muscle-tendon system acts stiffer compared to the tendon stiff-
ness. In order to separate the effects of muscle-tendon dynamics and leg geometry
(leg segmentation and joint angles) in adjusting the overall leg function stiffness
(e.g. leg stiffness), models with different levels of complexity have been devel-
oped.

In a study of Geyer et al. [12] the architecture of the human leg was reduced to
a two-segment model with an extensor muscle describing the repulsive leg func-
tion during bouncing tasks (e.g. hopping). In this model it was shown, that based
on the characteristic properties of muscle fibers (Hill-type muscle model), a corre-
sponding muscle activation pattern is required to generate cyclic vertical jumps.
These patterns can be provided as a feedforward command [13] or as a combina-
tion of a constant activation and a modulating feedback signal based on proprio-
ceptive sensory signals. As an outcome of this simulation study, a positive feed-
back of muscle force was predicted to be best suited in order to achieve stable
hopping cycles. Hopping frequency and hopping height could be adjusted based
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on the feedback parameters (gains, delays). Even though tendon elasticity largely
improves hopping height, stable hopping was also possible without any tendons in
series to the muscle fibers.

In recent studies of Haufle et al. [13, 14], this model was further reduced to a
one-dimensional muscle model operating as a virtual “leg muscle” supporting the
body mass. With this model the effects of muscle dynamics were considered inde-
pendent of leg segment dynamics. The results are in line with the findings of
Geyer et al. [12] that muscle function for stable hopping can be achieved by both
feedforward and feedback control of the muscle. Interestingly, the combination of
both actuation schemes provided the best results regarding energy stability in cy-
clic hopping.

These two models illustrate that the key mechanisms for achieving repulsive
leg function as observed in human locomotion do not rely on elastic elements. The
muscle dynamics can be exploited by feedforward and feedback activation
schemes to result in the observed spring-like leg operation. Hence, leg compliance
is an option (which provides many benefits, e.g. for energetics, stability, and
shock resistance) but not required to achieve stable hopping and gaits.

11.4 Radial and Tangential Leg Function

The sagittal-plane leg function in human locomotion can be divided into two di-
rections: the radial leg function (e.g., the function represented by the leg spring)
and the tangential leg function. The latter includes force contributions, which are
directed outside the leg axis. For instance, tangential leg forces can be used to re-
direct the leg force from the CoM in order to stabilize body posture. In contrast to
the radial leg function which is the focus of the IP and SLIP model, tangential leg
function has received more attention only recently.

Radial leg function is required to direct the forces outside the leg axis. This is
important when you want to kick the ball with your foot. In legged locomotion ra-
dial leg function is required in order to adjust the leg angle during swing phase [6]
in order to prepare for the next ground contact (e.g. foot placement). At the same
time, radial leg function is needed to achieve postural stability (balance) during
standing, walking, and other gaits. In human walking, leg forces during stance
phase point — in contrast to the bipedal SLIP model — to a point above the CoM.
The intersection point is also called virtual pivot point (VPP) [21], as it mimics the
function of a virtual support point of a physical pendulum. The extension of the
SLIP model by a rigid trunk shows that postural stability in walking and running
can be achieved when the leg forces are deviated to a fixed VPP point at the sup-
ported body. By shifting the horizontal location of the VPP relative to the body
axis (line through CoM and hip), the resulting hip torques will accelerate or decel-
erate the gait. Interestingly, the hip torques predicted by the VPP model are very
similar to those observed in human walking.
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The radial leg function is not only a key to redirect leg forces during ground
contact (as described by the VPP concept) but may also align the leg angle during
swing. A simple model to describe the swing-leg dynamics in locomotion could be
a spring-loaded pendulum, which is supported by the upper body (pelvis). Recent-
ly Song et al. [32] found that this model is well able to represent the experimental
hip joint forces caused by the swing leg during human walking, if swing leg stiff-
ness is adjusted to walking speed. The pendulum length may, however, not only
result from the distance of the swing leg CoM to the hip joint but also well tuned
by two-joint thigh muscles which can tune the rotational stiffness of the swing leg.
Both the rotational swing-mass system and the pendulum are sharing similar dy-
namics for moderate angular displacements. Hence, the rotational elastic oscillator
can mimic and thus tune the virtual pendulum length of the swing leg. With that
both balance and swing-leg function could be represented by a similar template
model, a virtual pendulum. In contrast to the VPP concept, this pendulum shares
spring-like leg properties (as in the SLIP model) also in the radial leg function.
Thus swing-leg function can be considered as a superposition of repulsive leg
function (virtual leg spring) and balance (virtual pendulum), leading to a spring
loaded pendulum model (SLP). These three fundamental subfunctions for legged
locomotion (balance, repulsive leg function, and swing-leg function) and the cor-
responding template models (VPP, SLIP, SLP) are summarized in Fig. 11.1.

VPP-Model

BALANCE

SLIP-Model SLP-Model ?
LEGGED
LOCOMOTION
REPULSIVE SWING
LEG FUNCTION LEG FUNCTION

Fig. 11.1 Legged locomotion can be considered as a combination of three elementary subfunc-
tions: balance, repulsive leg function, and swing leg function. For each of these subfunctions,
mechanical template models can be identified which describe the dynamics of the center of mass
(SLIP model), of the body orientation (VPP model), and of the swing-leg center of mass. The
template model for the swing leg function is a topic of current research and could be a spring-
loaded pendulum (SLP), as suggested by recent findings of Song et al. 2014 [32].
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11.5 Leg Segmentation and Multi-Joint Structures

Conceptual models based on the SLIP template show that both the radial and the
tangential leg function are complementing each other in order to generate stable
gaits and to maintain postural stability during locomotion. However, in the seg-
mented leg, individual joint torques at hip, knee, and ankle will influence both leg
functions. How could the biological body take advantage of the matching proper-
ties of the both underlying leg functions?

In order to resolve this issue, it would be extremely helpful if the tangential leg
function could be accessed independently from the radial leg function. One possi-
ble solution is taking advantage of the two-joint (biarticular) structure of some of
the leg muscles. These muscles are able to provide specific combinations of joint
torques and to exchange energy between leg joints. It turns out that with a proper
lever arm design (e.g. hip to knee lever arm ratio of 1:2) these two-joint muscles
can generate force contributions, which are perpendicular to the leg axis [27].
Hence, by activating these muscles, leg force contributions will be created which
merely contribute to the tangential leg function but not to the radial leg function.
With an arrangement of a pair of antagonistic two-joint thigh muscles (like rectus
femoris and hamstrings), it is possible to implement the VPP concept independent
of the function of the single-joint muscles (which could contribute to the radial leg
function). Hence, the architecture (geometrical arrangement) of leg muscles could
be a key in providing differential access to the tangential leg function as a com-
plementation of the radial leg function.

Currently, these ideas and concepts are substantiated by taking compliant prop-
erties of two-joint muscles into account. This research may lead to insights how
radial and tangential leg functions might be adapted to each other and to what ex-
tent the control of body posture can be solved in a generalized way that includes a
free selection of a large variety of motion tasks ranging from standing, walking,
and running gaits.

11.6 From Biomechanical Concepts to Robots

In the BioBiped project (www.biobiped.de) the focus is on exploring the roles of
the musculoskeletal actuator arrangement in a humanoid robot with segmented
legs. The two built prototypes BioBiped!l and BioBiped?2 feature three-segmented
legs with nine active and passive, human-like muscle-tendon units per leg span-
ning one or two joints [39]. Based on the human lower limb system, the hip, knee,
and ankle joints are spanned by a pair of monoarticular antagonist-agonist, series
elastically actuated (SEA) or passive tendons, as shown in Fig. 11.2(c). The biar-
ticular muscles found in humans are realized as passive tendons with built-in ex-
tension springs connecting two segments.
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Fig. 11.2 Evolution of BioBiped1’s actuation concept: (a) human musculoskeletal leg system; (b)
selection of actuators and passive elements: the hip joint requires both active flexion and exten-
sion, while in the knee and ankle joints only actuated extensor muscles are required (highlight-
ed); ¢) implementation of passive and active elements as motors and springs [23].

With this novel, specifically selected musculoskeletal design a number of research
questions can be addressed. This hardware-based research approach is comple-
mented by a sufficiently realistic modeling and simulation methodology
[19,23,24]. Passive rebound studies in simulation investigating different actuation
designs demonstrated that dynamic and energy-efficient locomotion cannot be
achieved through stiff actuation without causing critical damage to the motor
gearboxes [26]. More importantly, it was shown that the energy restitution ratio
increases with joint compliance. However, exceeding a specific leg compliance
will negatively affect the energy restitution and also the dynamic performance,
e.g., for hopping the hopping height and duty factor. Thus, applying a kind of
“cascaded optimization” to optimize, first, the actuation with respect to energy
restitution and other selected performance criteria such as hopping height and
ground clearance and, subsequently, to optimize the controller gains to keep the
torques of the motors as low as possible is an essential requirement for an optimal
use of the leg actuation design [23]. Open-loop controlled motions revealed that
omitting a careful selection of all regulating parameters of the design space, i.e.,
rest lengths, attachment points, spring stiffness, may lead to timing issues of the
tendons interfering with each other. The simulation results also showed that actu-
ated biarticular tendons can further reduce the complexity of the leg actuation de-
sign and enhance energy savings, while preserving the desired dynamic locomo-
tion behavior.

Demonstrating the importance, an earlier insight from biomechanics, known as
the Lombard paradox, was rediscovered and explored using detailed multibody
system dynamics simulations [25]. According to the Lombard paradox, biarticular
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muscles have even more sophisticated functionalities than usually assumed. They
are responsible for additional actions during dynamic locomotion. For example,
the Gastrocnemius muscle is not only responsible for flexing the knee joint. Dur-
ing the last part of ground contact phase during sprinting, it also acts as synergist
extending the knee joint at angles above a specific flexion degree [35]. Such mus-
cle action, labeled by Lombard in 1903 the “paradoxical” function of biarticular
muscles, was also observed to be true for the hamstrings. Applying this paradox, a
novel bipedal locomotion model could be established that is capable of dynamic
hopping motions without the need of a knee motor, leading to energy savings of
more than 60 %. In an earlier work it was suggested that an active knee is not re-
quired for level-ground walking [7].

In summary, these findings are encouraging for advancing musculoskeletal ro-
bot designs with enhanced locomotion capabilities. By subsequently refining the
robot’s design and control, biomechanical concepts can be demonstrated, validat-
ed technical legged systems and new insights (e.g. hidden paradoxical findings)
can be revealed.

11.7 Assessment of Locomotor Function in Biomechanics and
Robotics

The development of proper conceptual models for human locomotion is key in
separating underlying task-specific subfunctions required to achieve stable gaits.
For legged locomotion, three functional requirements need to be fulfilled [31], as
shown in Table 11.2.

Table 11.2 Functional requirements for legged locomotion.

Repulsive leg function Body balance Leg swing
Purpose Counteract gravity by Counteract gravity by  Position swing leg for
rebounding body aligning body next touch-down
vertically during stance axis vertically
Underlying Virtual inverted elastic Virtual pendulum (P) Virtual elastic pendu-
template pendulum (SLIP) lum (SLP)
Key proper- Leg stiffness, leg length, ~ Virtual center of rota-  Pendulum length, leg
ties leg angle tion (VPP position) stiffness
Parameters External work on CoM,  Internal work on body  Internal work on leg
for assess- leg length, energy, pow-  pitch, body angular swing, leg swing am-
ment er, elastic capacity, leg momentum, pitch plitude, swing leg

lengthening

excursions

shortening
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These subfunctions required for legged locomotion can be used as a basis for a
more functional description of locomotor function in humans, animals, and robotic
systems. This is extremely helpful as the design and the ways of actuation as well
as the materials of these systems may be quite different. With this matrix of func-
tional requirements the identification of deficits in current legged robotic systems
in comparison with their biological counterparts could be largely facilitated. It re-
mains for further research to identify which of these elements are most important
for comparison of different locomotor systems. Also, the list of the task-specific
subfunctions might be incomplete which would require an extension of the con-
ceptual models.

Aside from this biomechanical approach, it is crucial to develop and apply
measures to rate key criteria of locomotion performance across different models,
i.e., simulation models of motion dynamics of humans or robots. This goal can be
achieved within two steps and represents a milestone for developing generally ap-
plicable benchmarks to foster the progress in the robotics community.

The first task is to specify essential aspects of human locomotion to be trans-
ferred to robot systems by mathematical models. These aspects are expected to be
partially complementary and competitive criteria to each other (such as locomo-
tion speed and energy consumption). A comprehensive catalog of locomotion per-
formance criteria for various gaits should include preferably dimensionless criteria
from relevant categories: (1) energy-efficiency (e.g., mechanical and electrical en-
ergy consumption, energy restitution ratio [23], kinetic and potential energy fluc-
tuations), (2) dynamic mobility [23] (e.g., altitude difference of the center of mass
(CoM), duty factor, speed), (3) control efforts (i.e., proportion of feedback versus
feedforward control influence, sensory information resolution and processing
speed), (4) postural stability and (5) robustness against disturbances.

It is hypothesized that by validating the three above suggested biomechanically
motivated functional requirements for legged locomotion (Table 11.2) as well as
the application of an aggregation of mathematical models of the aforementioned
categories will help to better understand biomechanics of locomotion and to use
these insights to advance the design and motion dynamics of technical legged sys-
tems toward human-like locomotion in appearance and performance.

11.8 Outlook

Although compliant leg function is an obvious key feature of human and animal
locomotion such as walking, running or jumping it is still not sufficiently under-
stood to directly transfer it to legged robots or leg prostheses with similar motion
performance. Originally attributed mainly to the axial leg function, it became clear
that also non-axial force contributions are shaped by elastic components. The
origin of elastic leg function can be found in the design of the muscle-tendon
units, in compliant structures (e.g. ligaments) in the human body. It requires an
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appropriate neural control to result in the required muscle activation patterns for
elastic, repulsive operation of the leg. The leg function cannot be simply imple-
mented by compliant structures as they cannot respond to unexpected changes in
the environment (e.g. uneven ground, slopes, pushes) or in the body adequately
(e.g. changed body mass when carrying weights).

In order to be able to achieve versatile compliant leg function in a variety of
tasks and conditions, a careful design of body, actuator and control properties ar-
ranged in a segmented body is required. Here, the underlying mechanisms are still
largely unclear and require further research, e.g. regarding following aspects:

What kind of muscle properties needs to be implemented in a technical system
(e.g. serial/parallel compliance, damping, activation dynamics) in order to real-
ize comparably efficient and versatile tasks?

How can complex scenarios of motion and interaction with multiple contacts be
realized (e.g. with hands and feet contacts)?

What is different between leg function and arm function regarding their motor
function capabilities?

How do biomechanical templates relate to biological control concepts? Are there
also neuromuscular control templates matching the biomechanical templates?
Do we need new kind of soft materials and actuator properties to mimic human-
like locomotion in technical systems? What are proper models for human- or

animal-like motion performance?

Currently, a new technology of 3D-printed elastic materials is evolving, e.g. for
designing custom-made shoe insoles (www.rsprint.be), orthoses (Ekso Bionics) or
prostheses. These technologies need be further developed to achieve adjustable
compliance also during operation (e.g. in response to changed environments or
subject conditions).
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12 Mechanics and Thermodynamics of Biological Muscle - A
Simple Model Approach

Syn Schmitt and Daniel Haeufle

University of Stuttgart

Abstract Macroscopic muscle models allow for a detailed analysis of the me-
chanic and thermodynamic function of biological muscles. Here we summarize re-
sults from various simulation studies which emphasize the extraordinary design
features of biological muscles. Discussed are the benefits resulting from (1) wob-
bling masses and the muscles soft-tissue inertia effects, (2) biological damping,
(3) internal mass distribution, (4) stabilising properties of active muscles in up-
right stance and periodic hopping, (5) reduced control effort due to these stabilis-
ing effects. We present approaches to systematically transfer these results to tech-
nical actuators and exploit these properties in the next generation of functional
artificial muscles.

12.1 The Biological Muscle Drives the Animal Motion

Biological movement in the animal kingdom is driven by skeletal muscle, a bio-
logical soft actuator. A glance at the complexity and variety of the generated
movements shows that muscle is a versatile, powerful, and flexible actuator [1].
This is achieved because muscle can operate in different modes depending on the
contraction dynamics and the structural implementation [2, 3].

Research in muscle biomechanics is a vital and broad field for far more than a
century now (see e.g [4]). The work of A.V. Hill in the first quarter of the 20th
century is still the basis for many muscle models, as he described the macroscopic
function and design of real biological muscles [5]. The key to success is that, at
least, two typical muscle properties, the force-velocity and the force-length rela-
tionship, can be found in a broad range of species (rat, cat, frog, human) [6]. One
step further, by using established muscle models at hand, it was shown that the
mechanical efficiency and the thermodynamic enthalpy rate add to the typical
properties of biological muscle, as well. Nevertheless, there still remains much to
be understood when it comes to structure and function of the biological muscle.

A completely different approach to animal movement was published in 1990,
when the concept of passive dynamic walking was introduced [7]. Human-like
walking turned out to be producible by a purely passive approach. Solely a small
decline in the walking terrain accounted for a constant energy supply of the walk-
ing machine, the so-called ’gravity walker’. In the same reductionistic approach,

A. Verl et al. (eds.), Soft Robotics, DOI 10.1007/978-3-662-44506-8_12,
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but in theory, the spring-mass model for hopping and running [8] and for walking
[9] were introduced. Both spring-mass models, again, use a virtual constant energy
supply in the form of constant horizontal velocity, to maintain continuous motion,
as does the gravity walker.

In real life, however, the biological locomotion system obtains its movement
energy through the skeletal muscles. In that sense, the muscle can be considered to
be at the heart of biological motion. Thus, understanding the biological muscle’s
function and design is a prerequisite to understanding biological motion.

12.2 The Biological Muscle’s Various Design Features

Detailed analysis of mechanical muscle properties, contraction dynamics, structur-
al arrangement, and movement generation reveal, that the muscle is a soft, highly
non-linear, tunable and variable actuator with many obscure, and at first sight,
cumbersome properties in comparison to technical actuators. In this section we
highlight some of these properties and demonstrate that these are in fact design
features.

12.2.1 The Biological Muscle’s Passive Mechanic Characteristics

In terrestrial locomotion, high accelerations on the body occur, for example, in-
duced by legs impacting with the ground. Soft-tissue masses of the body undergo
damped oscillations and shock waves travel through the body after ground impact.

Wobbling mass models: Appropriate biomechanical models to account for
highly dynamical movements describe gross soft-tissue dynamics by "wobbling
masses". Fig. 12.1 shows the calculated mechanical energy balances of shank and
thigh wobbling masses of the stance leg for the first 90 ms after touch-down in
human heel-toe running [11].
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Fig. 12.1 The calculated mechanical energy balances of thigh (left side) and shank (on the
righthand side) wobbling masses of the stance leg for the first 90 ms after touch-down in human
heel-toe running. Figures courtesy of [11].
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The wobbling mass kinematics were non-invasively obtained by acquiring the
motion of grids of lines painted on the skin of the corresponding muscle masses
with high-speed cameras [10]. Despite the overall energy loss per step cycle, wob-
bling masses are very special design features enabling fast movement. Also, they
potentially allow for a faster signal traveling of the instant of impact to the head —
faster than the nervous system would allow a sensor signal to travel up to the
brain.

Biological damping: High-frequency vibrations can provoke damage within
tendons eventually even leading to rupture. Low but significant damping of the
passive material in series to the contractile machinery may well suffice to damp
these hazardous vibrations. Fig 12.2 shows a modified Hill-type model and the
comparison of three cases: no additional damping, parallel damping, and serial
damping. The study revealed that serial damping at a physiological magnitude suf-
fices to explain damping of high-frequency vibrations of low amplitudes [12]. De-
localised damping spread all over the whole muscle seems to be a design feature
to suppress harmful oscillations.

Mass distribution: It is state of the art that muscle contraction dynamics is ade-
quately described by a hyperbolic relation between muscle force and contraction
velocity (Hill relation), thereby neglecting muscle internal mass and inertia (first-
order dynamics). Such first-order contraction dynamics, however, interacts with
muscle internal mass distribution and the resulting inertia effects (Fig. 12.3). It
may be indispensable in the future to introduce second-order contributions into
muscle models to understand high-frequency muscle responses, particularly in
bigger muscles. By that, muscular contraction could be better understood, locally
within the muscle and of the muscle as a whole, in response to a variety of realis-
tic acceleration scenarios such as impacts on the ground. It is to be expected, that
the mass distribution within a muscle is a design feature.
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Fig. 12.2 A modified Hill-type model and the comparison of three cases: no additional damping,
parallel damping, and serial damping. The study revealed that serial damping (DSE) at a physio-
logical magnitude suffices to explain damping of high-frequency vibrations of low amplitudes.
Figure courtesy of [12].
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12.2.2  Active Muscle and Stability

The distinct mechanical and thermodynamical properties of the biological muscle
simplify motor control. This effect was demonstrated in several simulation studies
[14, 15, 16, 17]. It appears that muscle properties are able to compensate for per-
turbations and facilitate the convergence of dynamic explosive or repetitive cyclic
movements. The authors concluded that the intrinsic muscle properties, represent-
ed by the force-length-velocity relation, act as a zero time delay peripheral feed-
back system, termed “preflex” [18]. These muscle properties are a design feature
of biological muscles.

Stability of upright stance: In a simulation study of a two-segment inverted
pendulum model (Fig. 12.4, AB), it could be demonstrated, that a muscle-driven
system outperforms a system driven by a direct torque generator with linear char-
acteristics [19]. Fig 12.4 on the right depicts the results with a: Model reactions to
perturbations in foot orientation and f=0°: Control target (upright posture). The
left column shows the reaction to a ramp perturbation, the middle column to a 1
Hz, and the right column to a 0.1 Hz sinusoidal perturbation. The top row shows
the results without feedback, middle row with a simple P controller (direct torque
controller gain: P 500; muscle controller gain: P 1), and bottom row with a PID
controller (direct torque controller gains: P 500, I 50, D 500; muscle controller
gains: P 1,10.3, D 0.3). In all, the muscle-driven model did not even topple with-
out feedback (Fig. 12.4, first row on the right). Also, when using the simple P con-
troller (middle row) the muscle-driven model performed better during all perturba-
tions and was able to cope better with a feedback delay of At=0.1 s.
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Fig. 12.3 Simulated accelerated contractions of alternating sequences of Hill-type contractile el-
ements and point masses (left). It was found that in a typical small muscle the force levels off af-
ter about 0.2 ms, contraction velocity after about 0.5 ms (right). Figures courtesy of [13].

Stability in hopping: Further investigations of the muscle contribution to the stabi-
lization of periodic hopping movements with respect to perturbations in landing
height were accomplished [20, 21]. For this purpose, periodic hopping movements
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were simulated and the complexity of the force-length and force-velocity curves
was stepwise increased from constant (=1, thus has no effect) to linear to non-
linear phenomenological fit of the biological data. The stability of the hopping
patterns was analyzed using return maps (Poincaré map) of the apex. With this ap-
proach it was possible to show that the force-velocity relation is responsible for
the stabilization of periodic hopping patterns. A faster convergence after perturba-
tions with increasing complexity of the force-velocity relation was found. The
characteristics of the force-length relation only marginally influenced hopping
stability.

Quantifying control effort of biological movement: If the muscle properties al-
low simple control and intrinsically increase stability, one would expect a reduced
neural load on the system, i.c., less control effort. Previous definitions of control
effort in engineering were based on system specific values e.g., output signal volt-
age of a controller [22], motor armature voltage [23], motor torque [24], actuation
voltage in polymer actuators [25], or pressure in pneumatic actuators [26]. In some
studies, control effort was also associated with muscle activation [27, 28] or mus-
cle electromyography (EMG) signal [29]. If control effort is measured in voltage,
current, pressure, and muscle activation, different actuation principles can hardly
be quantitatively compared.

ramp sin 1Hz sin 0.1Hz
3 3
<
A B 5,
B § 1] 1 i [
s1 g0 T e N
2 Y .
4 4 R -
0 D 5 5 0 5 5 0 5
T COG 3 3
22 2
3
£ 1 ~ 1
g j\/WM
a0 0
€ 4 4
8 05 D ®
S S
<(\|r 5 3 3
o 52 2
§ 1 1
S2 o OM 0
— } D__1 4
a p— 0 5 D %

0.1m ®

Perturbation a [°] S1 orientation B

——muscles [°]

S1 orientation B
torque generator [°]

Fig. 12.4 Left: Model of the inverted pendulum. S1 represents the leg-trunk segment, S2 repre-
sents the foot. COG indicates the center of gravity location of S1. o is the angle of the foot (per-
turbation) and B the deviation from the upright position of S2. A: the joint is actuated by a direct
torque generator with linear characteristics. B: the joint is actuated by two antagonistic muscles.
Right: Model reactions to perturbations in foot orientation a. Figures courtesy of [19].

To allow such a comparison, we developed a new measure for control effort,
applicable to and comparable across completely different actuators and control
approaches [17]. In a nutshell, we propose to quantify the minimal sensor infor-
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mation required to control a certain movement. From Shannon’s information en-
tropy [30], we derived the information provided by a sensor. It depends on the du-
ration of the movement T, the time resolution At, and the sensor signal limits
Umax—Umin and resolution Au:
T Umax — Umin
I—Elog2 (1+7Au ) (1)
This simple measure can be applied to almost any type of sensor and requires only
a discretized sensor output and discrete repeated measurements. By varying the
resolutions, one can find the minimally required information, which we identify
with control effort.
The novelty of our approach is to measure the information entropy of the
movement control process as a function of physical structure and control method:

Imovement = Imovement (structure, COTltT'Ol) (2)

By varying the (bio-)mechanical structure of the actuator in the hopping simula-
tions mentioned above, we could show that a muscle driven by a simple reflex
control scheme requires an order of magnitude less control effort compared to a
DC-motor and a proportional differential (PD) controller (I=32bits vs. [=660bits).
These first examples indicate the enormous benefit a biomechanical system can
gain from the specific properties of its actuators. This work has to be extended to
more complex systems, e.g. walking simulations, in the future.

12.2.3 Mechanical Efficiency and Thermodynamic Enthalpy Rate

As the first and often only criterion for verifying biology-like properties of mus-
cle, its isotonic force-velocity relation is investigated. This design feature is com-
mon to all muscle models in biomechanics, defined by the so-called Hill "con-
stants" A and B, the two asymptotes of the concentric Hill relation. Albeit, an
obvious second criterion: the muscle’s mechanical efficiency, and a third criterion:
the muscle’s enthalpy rate, have been shown to discriminate between different
muscle model approaches, more accurate. In terms of biological validity, the se-
cond and the third criterion verify the muscle model’s biology-like properties far
better, than an evaluation using only the force-velocity relation would do [31, 32].
Fig 12.5 depicts a comparison between different model predictions and experi-
mental data of the mechanical efficiency and the enthalpy rate during muscle con-
traction.
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12.3 Designing a Technical Actuator from the Biological Prototype

In prosthetics and bio-inspired robotics it would be desirable to have an artificial
actuator with the design features of the biological muscle [36, 6]. On the technical
side, actuators for machines are very well known since a long time, for example,
the first electro-magnetic actuators are known since 1834 [37]. These classical ac-
tuators, however, fail to reproduce the passive characteristics of biological mus-
cles [38]. Technical actuators yet including bio-inspired features, for example,
elasticity, fail to incorporate one or more of typical biological muscle characteris-
tics: energy density or power to weight ratio, passive characteristics, scalability,
contraction paths, controllability [39, 40, 36]. Nevertheless, technical, bio-inspired
actuators also known as artificial muscles are constantly developing [41, 42, 36,
43] and the construction of artificial muscles, nowadays, is one of the most chal-
lenging developments in biomedical science [44, 40].

Currently, the development of artificial muscles is driven by technological
leaps. To actually reproduce the key design features of biological muscle, we pro-
pose to develop artificial muscles based on bio-mechanical muscle models. Micro-
scopic muscle models are able to explain some characteristics of biological muscle
on a molecular level [45, 46, 47, 48]. However, such molecular-based actuators
are not likely to be constructible by technology and scalable to animal- or human-
like size in the near future.

On the other hand, macroscopic muscle models represent the entire actuator.
The key problem here, so far, was that their contraction dynamics were based on
phenomenology, i.e. force dependencies such as the force-length or the force-
velocity relation are adopted as best-fit functions to experimental data. In a new
model approach [31, 49], the force-velocity relation — a key design feature of bio-
logical muscle — was traced back to a simple mechanical structure (Fig. 12.6). It
was shown that this simple structure exhibits operating points with a hyperbolic
force-velocity dependency (Fig. 12.7). Based on this concept, we developed a nu-
merical model of an actuator and a technical proof of concept, which demonstrat-
ed its real world functionality (Fig. 12.6 right) [49, 50].

In this approach, the force-velocity relation is no longer a phenomenological
outcome of a black box (i.e. the CE) but rather a physical outcome of the interac-
tion of three elements AE, PDE, and SE. Therefore, this model can be interpreted
as a basic engineering design template for the CE of a Hill-type artificial actuator.
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Fig. 12.5 Comparison of mechanical efficiencies and enthalpy rates. Experimental data (Barclay,
1996: SOL: M. soleus and EDL: M. extensor digitorum longus) [33] are compared to those pre-
dicted by our model, choosing «,=0.85. Additional data plotted are from isotonic experiments of
an artificial muscle (“our muscle”, see section 12.3), from our model case k,=0.0 , and from
Hill’s refined fit to his measurements [35] (compare also [31]). Figures courtesy of [32].

12.4 Next Generation of Bio-inspired and Bio-like Actuators

In industry robotics, high accuracy and repeatability are required for precise and
reliable assembly lines. This is achieved through stiff systems with high perfor-
mance and fast control architecture. For this purpose, actuators are required to be
stiff and linear (in the sense of input-output). Drawbacks are the resulting danger
if they would interact with humans and unpredictable environments and the oppo-
site design principles compared to the elastic biological system. To mimic the bio-
logical elasticity in the drive, fast torque controlled robots were equipped with im-
plicit elastic behavior through control [52]. In theory, the whole muscle function
could be mimicked just by controlling the actuator force according to a muscle
model [36, 6, 53]. Problems arise, however, from the limitations of sensor and ac-
tuator precision, control loop time delays, and sampling time [52].

PDE

12 o

= ‘ SE

|
| |
| |
! AE | |
v v y

variable

weight
(-

y

Fig. 12.6 Left: the dynamic properties of the contractile fibers in a muscle can be reproduced by
this arrangement of mechanical structures. Right: the real world functionality was proven in this
technical setup, where current controlled CD motors generated the force of the AE, PDE, and op-
tionally a constant external force. For more details see [51, 50, 32].
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Fig. 12.7 Predicted and experimentally measured force-velocity relation. Left: Time trace of
quick release experiments against a constant external force (isotonic). Force and velocity were
measured 0.5s after tor and plotted in the force-velocity graph (right). Figure courtesy of [50,
32].

From a biological and control effort point of view, it is clear, that the muscle
properties have to be explicitly built into the actuator. This has been studied and
applied extensively for the series elasticity [38, 52, 54, 55] and results in shock
tolerance, lower reflected inertia, more accurate and stable force control, less
damage to the environment, and energy storage capabilities, very similar to the bi-
ological system [38].

The biological damping characteristics of the passive distributed viscosity of
the actuator and the active damping dynamics of the force-velocity relation, how-
ever, have so far rarely been implemented. Of course, they are similar to the con-
trolled damping in standard PD-controllers, but again, have to be implemented as
structural properties. First approaches in this direction seem to be very promising
[56].

As good as this progress is, the knowledge transfer from biology to technology
has to be continued. From our point of view, the next generation of bio-inspired
and bio-like actuators has to incorporate explicit damping properties. We propose
for this purpose a muscle model which accounts both for the mechanical as well as
for the thermodynamical characteristics of biological muscle [50, 32].
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13 Nanostructured Materials for Soft Robotics — Sensors and
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? Graduate School of Excellence advanced Manufacturing Engineering (GSaME), University
of Stuttgart

Abstract The advances in nanotechnology during the past two decades have led
to several breakthroughs in material sciences. Ongoing and future tasks are related
to the transfer of the unique properties of nanostructured materials to the macro-
scopic behaviour of composite structures and the system integration of novel ma-
terials for improved mechanical, electronic and optical devices. Nanostructured
carbons, especially carbon nanotubes, are promising candidates as novel material
for future applications in several fields. One of the big aims is the utilisation of the
unique intrinsic mechanical and electronic properties of carbon nanotubes for
sensing and actuation devices. The combination of excellent electrical conductivi-
ty and mechanical deformation makes carbon nanotubes ideal for applications in
sensors and actuators and opens new possibilities in construction design of next
generation robotic systems, which can be built with soft, bendable and stretchable
materials. This chapter gives a brief overview on the properties of carbon nano-
tubes and their potential for actuators and sensors in soft robotics.

13.1 Introduction

Nanostructured carbon materials — first and foremost CNTs (Carbon Nanotubes)
and graphene — are the fastest growing research domain in nanotechnology. Since
their discovery in 1991 [1], CNTs have sparked huge interest as they exhibit out-
standing mechanical and electronic properties [2, 3]. Formally, CNTs can be re-
garded as a rolled-up graphene sheet (Fig. 13.1). The roll-up vector Cj results
from the vector addition Cy, = na; + ma, of the graphene unit vectors a; and a,. The
descriptors n and m are integers and define the nomenclature of the CNT (n,m).
As a result of the geometry and a model from solid state physics — the tight bind-
ing model — CNTs can be either metallic or semiconducting. Here we limit the de-
scription to the rule that CNTs are metallic if (n-m)/3 is an integer, e.g. (7,4), (5,5)
or (9,0). Other CNTs are semiconducting, e.g. (6,5), (7,3) or (8.0). For further
reading we refer to [2, 3] and the references therein. Besides single-wall carbon
nanotubes (SWCNTSs) there also exist multi-wall carbon nanotubes (MWCNTS),
which consist of several rolled layers in a concentric alignment [2].

A. Verl et al. (eds.), Soft Robotics, DOI 10.1007/978-3-662-44506-8_13,
© Springer-Verlag Berlin Heidelberg 2015
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Fig. 13.1 Formal classification of three different carbon nanotubes based on the roll-up vector Cy,

Hence, with regard to their electrical and optoelectrical properties, semiconducting
CNTs and metallic CNTs offer different potential applications. Semiconducting
CNTs are frequently discussed as single-electron transistors for future microelec-
tronic components. In 1998, the IBM research division presented a single-electron
transistor based on individual semiconducting CNTs [4]. By contrast, metallic
CNTs are rather used as an ensemble in conductive films. In theory, CNTs can
carry an electrical current density up to roughly 4-10° Acm™, which is about a
thousand times higher than for copper before breakdown due to electromigration
[5]. The extraordinary high intrinsic conductivity occurs due to the strong chemi-
cal bonding of in the CNT walls.

The aforementioned potential benefits of carbon nanotubes have had a huge
impact on the amount of work, which has been carried out and published in sever-
al fields for the past two decades. However, when it comes to the utilisation of
these beneficial properties for macroscopic components, either as an ensemble
consisting only of a CNT network or as a composite material such as
CNT/polymer composites, things become challenging.

Basically there are two major problems. At first, today’s production techniques
for CNTs deliver soot that contains CNTs of various diameters and consequently a
mixture of metallic and semiconducting CNTs [6]. For high purity CNT samples —
either metallic- or semiconductive-enriched — further purification methods such as
ultracentrifugation [7, 8] or chromatography [9] have to be applied. These meth-
ods are the bottleneck in the development of components as they are only scalable
to some extent. The second challenge concerns the integration of the CNTs into a
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polymer matrix or onto a substrate. As an example, despite the aforementioned
high electrical conductivity of metallic CNTs, a transparent network of metallic
carbon nanotubes still does not reach the low sheet resistance of indium tin oxide
or silver nanowires within the same transparency range [10]. This is due to the
high resistances of the junction points in the CNT network. However, during the
past years the performance of these films could be improved and the sheet re-
sistances of films containing carbon nanotubes have reached values, which come
closer to the industrial demands in display industry [11, 12]. Furthermore the films
are bendable and stretchable. This property is a significant advance over conven-
tional materials such as brittle indium tin oxide when it comes to the usage in me-
chanically flexible components for soft robotic devices. Here we will report on the
potential of CNTs for actuators followed by a section on CNT-based sensors for
applications in soft robotics.

13.2 Actuators

Actuators are mechanical devices, which can be used for the purpose of inducing
strain into a system in order to generate a movement or a change of shape. Con-
ventional actuators function based on pneumatic, electric or hydraulic principles.
With regard to applications in soft robotics, these actuator types are not always
suitable as weight, size, restrictive shapes and stiff materials limit the freedom of
component design. Stretchable and bendable polymers can overcome these prob-
lems. Electroactive polymers (EAPs) are a relatively new class of actuator materi-
als. They can change their shape or size as a response to electric stimuli [13]. Be-
sides the mechanical flexibility, EAPs offer several other major benefits such as
light weight, structural versatility, easy material processing and usually low costs.

Various classes of EAPs can be used as actuators to be integrated into robotic
systems. More importantly the soft nature of the polymer based actuator is intrin-
sically suited for the next generation of robotics: soft robotics. EAPs are common-
ly classified in two major classes (Fig. 13.2). Ionic EAPs are activated by an elec-
trically-induced transport of ions and/or molecules. The intercalation of ions into a
host material such as a CNT network induces a change of the electric structure of
the chemical bonding [13].

The changing of the electronic structure generates a deformation of the bonds
and consequently expansion or shrinking. In dielectric EAPs the actuation is in-
duced by electrostatic interactions between two electrodes, which encircle the pol-
ymer. Electronic EAPs can generate large strain at reasonable rates while demon-
strating large displacements (strain %). However the use of high voltages makes
them not particularly well suited for mobile applications such as soft robotics and
is thus not discussed in much detail within this chapter.
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Fig. 13.2 Classification of materials for actuators based on electroactive polymers

When contemplating the use of EAP materials for soft robotics, one major con-
sideration arises, which is the relation between the applied electrical stimuli and
the resulting displacement, force and reaction rate. This is one of the fundamental
question in which the answer will govern the possible application. From this, both
ionic EAPs and electronic EAPs have their advantages and disadvantages. In the
case of ionic EAPs, their low voltage operation could make them ideal candidate
for soft robotic applications if it was not for the fact that — in most cases [14] —
they need to be hydrated at all times. Ionic/polymer/metal-composites, being one
example of ionic EAPs, show promising properties with respect to biomimetic us-
es. lonic polymer/metal composites consist of a thin ionomeric membrane with
noble metal electrodes plated on its surface. It also has cations to balance the
charge of the anions fixed to the polymer backbone [15]. However, the force gen-
erated with these types of actuators is relatively small and typically in the mN or
single N unit range.

CNTs have shown promising characteristics when applied to actuator technolo-
gy. They can either be used alone as an actuating devise (nano tweezers, gate sys-
tems) or as a filler material within polymers and ionic liquid mixtures, enabling
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the creation of a layered actuating structure exhibiting displacements in the cm
range, forces in the Newtonian range and reaction rates in the s to ms range. The
principle of actuation is illustrated in Fig 13.3. Upon injection of electrodes from
an external source, the ions within the polymer outer layers and supplied by the
ionic liquid within, separate due to the repulsion between ion and electron. The
separation leads to a concentration of ions on one side of the actuator layer, effec-
tively swelling the material through ion intercalation. This swelling results in the
laminate structure to bend. The direction is governed by the polarity of the exter-
nal voltage supplied.

Displacement
- FJ._‘_ """"" STt
b T i
+
CNT - o ——
Layer i T .
e Voltage|
Source
Separator

Fig. 13.3 Schematic principle of an actuator based on ionic electroactive polymers

Tri layer CNT based ionic actuators require low voltages (2V) and the strain pro-
duced can be in the range of 5.8% (triple layer solid state bending type actuator)
[16, 17]. These actuators (triple layer solid state bending actuators) differ from the
double layer bending actuators [18, 19] as they do not need to be immersed in an
electrolyte solution since the electrolyte is embedded within the polymer matrix.
However at the moment these demonstrate poor reproducibility from the point of
view of actuation displacement. Current work undertaken at Fraunhofer IPA is fo-
cused on such CNT polymer hybrid actuator systems. The actuator class called
A3D (Actuating Three Dimensional) actuators, which uses volumetric change
generated by ion intercalation within the polymer chains and CNTs as well as the
quantum-chemical based expansion due to electrochemical double-layer charging.
From the three types of CNT based ionic polymer actuators described in this chap-
ter (bilayer, trilayer and A3D) the only variation is the geometry and electrode ma-
terial set up. For example long thin actuators generate a larger displacement, circu-
lar provide more force and ultrathin actuators move at a much higher frequency.
Furthermore, the incorporation of many actuators into stacks with an aim of mul-
tiplying any given characteristic (force, displacement, speed) has also been stud-
ied. Lastly the interaction between contact electrodes and multiple actuator sys-
tems has been a governing parameter often neglected. A systematic approach (Fig.
13.4) must be taken in order to test, characterise and optimise each type of varia-
ble with an aim of producing, from an engineering point of view, a working func-
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tional model mimicking real life applications. Thus by incorporating scientific
findings with engineering principles the possibility to adopt CNT-polymer actua-
tors for use in future soft robotics applications will be one step closer.
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Fig. 13.4 Systematic approach for the testing, characterisation and optimisation of ionic electro-
active polymers

As can be concluded the use of electronic and ionic EAPs materials bring many
challenges when used alone. It is therefore important to realise that the combina-
tion of EAPs with CNTs can lead to new and improved properties which could be
specifically designed or tailored for use in soft robotics. The addition of highly
electrically conductive and extremely strong CNT within a polymer based matrix
would inevitably increase electrical conductivity and the Young’s modulus of the
resultant actuator material (conductivity from 500 S/cm to 700S/cm) and mechan-
ical strength (from 170MPa to 255 MPa), properties which are highly desirable
when selecting suitable materials for soft actuator systems. In addition, the in-
crease in stiffness will decrease the creep tendency of polymers, enabling for more
reproducible and accurate actuation [20]. Although further research is needed
within the domain of CNT based ionic actuators, the potential has already been
shown mainly through functional models: bending actuators (Fig. 13.5a), breaking
systems (Fig. 13.5b), suction and dispensing capability (Fig. 13.5¢) all validate
their functionality and applicability within the soft robotic domain.



153

Fig. 13.5 a) Trilayer CNT based actuators mimicking gripping functionality b) Stack of round
trilayer CNT-ionic actuators integrated to function as a disk brake c¢) CNT based actuator system
for liquid handling devices; developed at Fraunhofer IPA and AIST Kansai

13.3 Touch Sensors

In a certain way a touch sensor can be described with the inverse function princi-
ple of an electric actuator. Whereas an electric actuator moves or changes its shape
due to electrical stimuli, a touch sensor converts an externally generated mechani-
cal pressure on its surface into and electronic signal. However this statement is on-
ly partially correct as it describes a resistive touch sensor where two electrically
conductive films are separated by a thin insulating layer. Voltage is applied to one
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of the conductive films and sensed by the other conductive film. When mechanical
pressure is applied on the top conductive layer, the electrical resistance is meas-
ured at the location of the contact of the conductive layers. For applications in dis-
plays the conductive layer has to be transparent. Since a few years another type of
touch sensor is used in many applications such as smartphones and tablet comput-
ers: capacitive touch sensors. Capacitive touch sensors are stimulated by the detec-
tion of a close object, which has a dielectric different from air. In touch panels in
display devices the human body capacitance of the finger generates the stimuli
[21]. As the electrical field is changed by the iron in the red blood cells of the
nearby finger, a capacitance meter inside the device detects the change of the elec-
trical field lines. One of the major advantages of capacitive touch sensors over re-
sistive touch sensors is the possibility to allow multi-touch functions. However, in
applications for soft robotics, there is not always an object that has a dielectric
other than air. There also are capacitive touch sensors, which react on pressure.
The key component is the same as for any other capacitive sensing system: a plate
capacitor [21]. The change of the detected capacitance occurs not due to an exter-
nal field of an object but due to the change of the distance between the two capaci-
tor plates caused by the mechanical pressure of the object.

Lu et al. have recently given a comprehensive overview on flexible and stretch-
able electronics for the usage in soft robotics [22]. One of the potential applica-
tions is a tactile sensing artificial skin (electronic skin, E-skin). For soft robotics it
is obligatory that such components base on a bendable and stretchable carrier ma-
terial such as silicones. As mentioned above, touch sensors consist of conductive
layers, which should not be brittle or heavy for the usage in soft robotic compo-
nents. Indium tin oxide does not fulfil these criteria due to its high brittleness. Me-
tallic wires are bendable but not stretchable. On the other side, CNT networks ex-
hibit excellent performance not only with regard to bendability but also to
expansibility. Hence, the coating of thin conductive CNT networks onto flexible
substrates such as silicones offer promising potential for the realisation of haptic
sensing in soft robotics. However, as mentioned in the introduction section, there
are still enormous challenges concerning the purifications of the CNTs and the
coating process onto the substrate. Due to the resistances at the junctions in a CNT
network, the overall sheet resistance is much higher as one expects from the high
intrinsic conductivities of metallic CNTs. Hybrid structures could overcome the
drawbacks of the sole materials. Recently we have developed a transparent flexi-
ble film based on silver nanowires (AgNWs) and CNTs [23]. It is reported that the
mechanical flexibility as well as the electrical performance of silver nanowire
networks can be improved by a top layer of CNTs [24]. Fig. 13.6 shows an atomic
force microscope image of a conductive AgNW/CNT hybrid film. The CNTs en-
hance the overall conductivity by creating electrical bridges between the AgNWs.
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Fig. 13.6 Atomic force microscopy image of a silver nanowire/carbon nanotube hybrid network

13.4 Conclusions and Perspectives

Components for soft robotic devices demand novel materials with improved me-
chanical and electrical properties. With conventional stiff and brittle materials the
goal of creating soft robots cannot be achieved. Therefore novel materials have to
be investigated in an interdisciplinary research environment. These materials will
be one of the essential driving forces for the development of future robotic com-
ponents. Due to their extraordinary mechanical robustness and outstanding elec-
tronic properties, nanostructured carbon materials offer high potential for the pro-
duction of mechanically flexible components in soft robotics. The biggest
challenge for the realisation of these devices is the integration of the materials into
or onto the carrier material. However, recent developments have shown that both
new actuators and touch sensors can be developed and improved with the usage of
carbon nanotubes.
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14 Fibrous Materials and Textiles for Soft Robotics
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Abstract Soft, mechanically compliant robots are developed to safely interact
with a “human environment”. The use of textiles and fibrous (composite-) materi-
als for the fabrication of robots opens up new possibilities for “Soft-
ness/Compliance” and safety in human-robot interaction. Besides external motion
monitoring systems, textiles allow on-board monitoring and early prediction, or
detection, of robot-human contact. The use of soft fibers and textiles for robot
skins can increase the acceptance of robots in human surroundings. Novel topolo-
gy optimization tools, materials, processing technologies and biomimetic engi-
neering allow developing ultra-light-weight, multifunctional, and adaptive struc-
tures.

14.1 Introduction

To-date, industrial robots are mainly designed for the handling of materials, parts,
tools, etc. and to perform heavy, hazardous, and highly repetitive tasks. For those
jobs, robots are made of massive and rigid materials to perform powerful and pre-
cise operations. Therefore, there remains a certain level of threat to the humans
who operate them or work close to them.

For applications such as human assistance in industrial surroundings, health
care, handling of soft materials and field explorations, mechanically compliant
“soft” robots are developed to safely interact with those critical environments. Soft
robots can elastically deform, operate in highly constrained environments without
causing damage to themselves and the things they interact with, and can even pre-
vent their human co-workers from harm. Hence, the soft robots differ from their
“hard” counterparts in terms of design, capabilities, and properties by using adap-
tive, compliant, and lightweight, topology-optimized fibrous materials, and so-
phisticated fiber lay-up. Textiles can provide smooth, soft, and pleasant surfaces.
Textile surfaces can display information or entertainment and give certain compli-
ance and reaction/stopping time before the inner robot skeleton hits sensitive mat-
ter or soft human skin. Further “softness” can be reached in using multifunctional
sensing and active materials to mimic multifunctional biological systems. Fibrous
or textile materials are especially suitable to fulfill biomimetic requirements for
the construction of soft robots.

A. Verl et al. (eds.), Soft Robotics, DOI 10.1007/978-3-662-44506-8_14,
© Springer-Verlag Berlin Heidelberg 2015
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14.2 Fibrous Materials: Properties and Architecture

The material requirements for soft robots are sometimes conflicting: extreme
light-weight design will provide a good mass/working load ratio, but the material
should allow for robustness, high damping, high speed and high repeat accuracy.
This can be achieved by using fibrous and textile composite materials with en-
hanced passive vibration damping in combination with new active fibrous actua-
tion technologies.

Fiber reinforced composites consist of polymeric, ceramic, or metallic fibers
which are embedded in polymeric, ceramic or metallic matrices. Different textile
processes e.g. weaving, braiding, knitting, or embroidery result in different textile
architectures and different mechanical properties.

Composites, and ultra-light-weight design, are not an invention of mankind. In
nature, nearly all tissues of living organisms are composed of fibers embedded in
matrix systems. There are only four natural fibers and few matrix systems. The
astonishingly wide range of properties of natural organisms is mainly the result of
a sophisticated fiber lay-up following the load paths in the part - in often very con-
fined spaces. Advanced textile processes like 3D-braiding, 3D-fabric weaving and
Embroidery (Fig. 14.1) additionally have the potential to mimic those optimized
natural fiber lay-ups and provide the possibility to manufacture near-net shaped
structures.

Fig. 14.1 Embroidery of Carbon Fibers to place the fibers along the load paths in the part. (Cour-
tesy ACC Technologies, FS Software&Konstruktionen GmbH)
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These advanced textile processes individually, or in combination with each other,
allow the properties and functionalities of the produced part to be tailored, since
the properties of textile materials and composite parts depend on the direction in
which the fibers/filaments are aligned.

Figure 14.2 illustrates the effect of the fiber directions on the elastic moduli of
a fiber reinforced composite. Both samples can carry nearly the same load. How-
ever, the 0°/90°-arrangement of the fibers result in a high stiffness in z-direction,
whereas the composites with +45° arrangement of fibers are relatively flexible in
horizontal direction. This flexibility will e.g. lead to fewer injuries when the robot
arm contacts human tissue.

Fig. 14.2 Composite stiffness variation based on fiber angle

Figure 14.3, again, shows one of the many possibilities of textile composite mate-
rials. A biaxial PET Polyethylene terephthalate monofilament braid, made by ITV
Denkendorf with no change of fiber angle along its tapered length, is embedded in
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an elastomeric matrix creating a highly flexible robot arm. This special braid was
used as scaffold for the robot arm developed in the European project “Octopus”.

Fig. 14.3 Biaxial PET Monofilament braid used for the EU- project “Octopus”

14.3 Functionalization Made Possible by New Textile Processing
Technologies

By new developments, and innovations, in the field of processing technologies, fi-
brous materials can be targeted to have multi-functional properties. For example,
spinning of bi- or multi-component filaments can lead to new functionalities. Hol-
low fibers can be used to transport fluids through their channels, or can be filled
with electro-rheological fluids to produce active adaptable structures in controlling
the vibration damping and stiffness properties. Additionally, self-healing proper-
ties could be incorporated by using such fibers. The capillary effect of the fibers
can be further improved by spinning them with different cross-sections and inter-
nal morphology.

Coating/sizing with nano-particles like CNTs, nano-functionalized silica or pi-
ezo-materials together with surface modification processes like laser, plasma, or
gamma ray irradiation are used to generate functionalized surfaces, e.g. self-
illuminating, conducting electricity, sensing, enhanced damping, or improved frac-
ture behavior.
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New textile processes such as Dornier Open Reed Weaving (Fig. 14.4), tufting
(Fig. 14.5), or new braiding techniques allow placement of reinforcing fibers,
conducting filaments, electric wires or sensors in the preferred directions (load
path), thus saving weight and creating desired anisotropic properties or adaptabil-
ity to temperature, pressure/tension or electromagnetic radiations.

Fig. 14.5 Sensor integration by Tufting
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Another textile technique to create complex fibrous structures is 3D-weaving. In
cooperation with Prof. James Nebelsick from the University of Tiibingen and ITV
Denkendorf, biomimetic 3D composite structures derived from the role model of
sand dollar are developed. Sand dollars (Fig. 14.6) have a sophisticated composi-
tion of their exoskeleton resulting in high stiffness & strength combined with low
weight.

Fig. 14.6 Sand dollar

Fig. 14.7 shows a new 3D-woven, lentil-like, textile structure inspired from the
sand dollar made on a specialized ITV spacer weaving machine. The channels in
the structures could be used for transportation of materials or fluids. Additionally
this structure improves noise- and heat-insulation.

1§ 7 F PO p gt

Fig. 14.7 3D woven lentil like structures inspired by sand dollar [H.J. Bauder, ITV]
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14.4 Light-Weight-Structures for Robots

One of the main advantages of fibrous materials is the possibility to provide high
stiffness and strength by an anisotropic fiber lay-up. When the fibers are arranged
along the stress paths, the stress concentration, and thus, the amount of material, is
minimized. Nature is highly effective in utilizing this principle to exploit the mate-
rial in full, so the same principle should be adopted in the manufacture of fiber re-
inforced composites. Fig. 14.8 shows a hard robot, whose metallic arm was re-
placed by a load path optimized carbon fiber reinforced composite arm. This
makes the robot lighter, increases the payload, reduces energy consumption, as
well as increases positional accuracy and repeatability of the robot actions.

Fig. 14.8 Kuka - Robot with carbon composite arm

Composites, inherently, have better vibration damping properties compared to iso-
tropic metallic materials. This makes composite materials one of the best choices
to be used in robotics. The vibration damping can be further enhanced by optimi-
zation of fiber directions. The so-called technical plant stem invented by 1TV
Denkendorf and Plant Biomechanics Group Freiburg is inspired by the morpholo-
gy of giant reed and horse tail plant stems (Fig. 14.9).
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Fig. 14.9 Technical plant stem

The technical plant stem is a good example for an enhanced vibration damping
structure by structural optimization. It exhibits a four-fold increase in damping
compared to single wall struts/tubes with a monolithic wall design (Fig. 14.10).
The results were verified with glass fibers and carbon fibers, both with Polyure-
thane matrix (PU) and Vinyl ester/Epoxide matrix (VE/EP).
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Fig. 14.10 Comparison of the damping behavior “tan 6” of single wall tube and technical plant
stem
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Fig. 14.11 shows an isogrid structure of German company CirComp, which is an
example for ultra-light weight structures with multi-directional stiffness proper-
ties. The isogrid can be used in many applications like bicycle frames, robotic
arms, or power poles.

Fig. 14.11 Isogrid structure of German company CirComp

A further optimization of isogrid structural principles was done within the interna-
tional project “PlanktonTech” which is a Helmholtz Virtual Institute founded in
2008 at the Alfred Wegener Institute for Polar and Marine Science by the Helm-
holtz Society. It led to extremely light weight fiber reinforced composite structures
with pentagon/hexagon structures on different hierarchical levels, exhibiting very
high strength and stiffness (Fig. 14.12).

Fig. 14.12 Hierarchical structure inspired from plankton [S. Kiippers, ITV]
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Plankton, the biological model, has optimized their protective hard shell over mil-
lions of years. As a reaction to the ever increasing strength of the jaws of their
predators the shells got ever harder and stiffer. At the same time the shell could
not increase in mass, otherwise it could not stay near the ocean surface to get sun-
light for photosynthesis. This astonishing light-weight design, learnt from plank-
ton, was applied in the manufacture of extremely light-weight robot arms. The thin
struts make the robot arm structure compliant when loaded with sideward bending
forces created by contact with other objects (Fig. 14.13).

iw

Fig. 14.13 Plankton inspired robot arm [S. K. Selvarayan, ITV]

Another role model for light-weight construction is bamboo, which is a classical
fibrous composite material exhibiting good stiffness, because of the presence of
nodules, along its structure. With significant support of Amann Corporation, ITV
developed a technical process to apply such nodes within a composite tubular
structure, enhancing the cross-sectional stiffness properties of technical composite
materials (Fig. 14.14).
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Fig. 14.14 Bamboo inspired nodal composite structure

This principle, applied in the construction of robot arms and combined with the
use of lightweight fiber reinforced materials, increases robot usability, and safety,
due to more compliance because of possible thinner skins. The enhanced vibration
damping leads to positional accuracy and repeatability of robot movements.

14.5 Adaptive and Intelligent Structures

Unlike the existing hard robots, whose control remains only in their links, the real-
ization of soft robots is complete only when the entire robot becomes intelligent
and adaptable; mimicking the multi-functionality of natural systems. In order to
realize such highly sophisticated robot systems, functionalized fibrous materials
can be processed into intelligent and adaptive structures for sensing, actuation, ac-
tive vibration damping, energy storage or others. Figure 14.15 shows a surf board
made by Hydroflex Corp. which is a sandwich structure consisting of thin glass fi-
ber deck sheets and polystyrene foam core. The stiffness of the surf board can be
changed by varying the air pressure inside the core material. This principle is de-
rived from pressure stiffened plant systems and has a big potential to be trans-
ferred into many ultra-light-weight constructions.
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Fig. 14.15 Adaptive surf board with pressurized core of company Hydroflex

Figure 14.16 shows a classic sun shade with hinges. Hinges are prone to failure
and need a lot of maintenance.
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Fig. 14.16 Classic folding mechanism with hinges [Photo: J. Lienhard]

A newly developed hinge-less facade shading system called Flectofin® was devel-
oped by the Plant Biomimetic Group from the University of Freiburg, the Institute
of Building Structures and Structural Design from the University of Stuttgart and
ITV Denkendorf and uses the movement principles learned from the bird-of-
paradise flower (Fig. 14.17). Stability, and directional force transfers within these
structures, were made possible only by the use of anisotropic behavior of the glass
fiber composite.

Fig. 14.17 Principle of operation of Flectofin© fagade [Photo: J. Lienhard]
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Figure 14.18 shows a “soft” actuation system based on textile pressure bags con-
trolled by air pressure. The textile actuators drive precisely a drumstick in a verti-
cal and horizontal motion. Such a system can be used as a low weight and high
force actuator for handling materials by controlling the pressure in each chamber
of the actuator arm. Thus, this system could be seen in itself as a soft robot, be-
cause it delivers both structure and strength without hard elements. The ad-
vantages of such pressure activated and pressure stabilized robots are that they can
be operated in highly critical environments and also that they work in confined
spaces not possible for rigid robot systems.

Fig. 14.18 Pneumatic actuation system [C. Riethmiiller, ITV]

The wide possibilities of actively pressure-stabilized structures are investigated at
the University of Stuttgart within “DFG-Forschergruppe 981: Hybride Intelligente
Konstruktionselemente-HIKE”. Figure 14.19 shows an adaptable fiber reinforced
hybrid composite roof structure which is able to actively adapt to the forces of
wind and snow. The system deforms in a way that the forces are always kept min-
imum on the structure thus reducing the chance of failure.
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Fig. 14.19 Adaptive hybrid structure [C. Riethmiiller, ITV/HIKE Stuttgart]

14.6 Soft Robot Surface Design and Surface Functionalization

Textiles can be functionalized in many ways. A textile can provide a basis so that
the robot is aesthetically pleasing. Textiles can be soft and compliant, which are
able to create a pleasant touch and atmosphere. So, the inhibition threshold to
work closely together with, or be supported by, a robot is decreased. ITV Denken-
dorf has developed a functional fiber which both emits light in different colors and
has tactile functions. Thus, it can be used to show information / entertainment or
display a pleasant surface. Additionally, a textile surface equipped with those fi-
bers is tactile and responds to changes in capacitance and pressure (Fig. 14.20).
When approached, the sensors give a first signal in form of a voltage output or a
color change, (II), when the sensors have contact with human skin they deliver a
higher voltage output and change color again (III).

&

Fig. 14.20 Textile tactile sensor [C. Riethmiiller, ITV]
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Deploying these approximation sensor-functions into textile robot-skins, robot
arms can ensure much better operational safety in human or sensitive surround-
ings. The light-weight 3D-textiles exhibit compliance and therefore facilitate reac-
tion/stopping time before the inner robot skeleton hits other matter.

Integration of actuators, like piezo-ceramic fibers into the textile materials,
makes it possible to actively measure the vibration, to actively induce damping or
to change the robot arm geometry to lessen impact damage. An example of using
piezo-ceramic fibers can be found in helicopter rotor blades to actively reduce vi-
bration and noise.

14.7 Conclusion

The further advancements of soft robotics rely on the development of novel mate-
rials, structures, sensors and actuators. Advanced robot design and optimization
combines mobility and “soft” aspects of strength/stiffness. In this regard, the fi-
brous materials have an enormous potential to contribute in the continued devel-
opment of soft robotics. Many possibilities that have been discussed in this chap-
ter are still in the lab scale. The commercialization of these technologies may need
highly interdisciplinary collaboration. Although, special challenges will remain:
the ability to optimally use, and process, fibrous materials will allow far more so-
phisticated design and cost-effective fabrication of soft robots. Still, a lot of work
has to be done to understand the behavior of fibrous materials when transferred in-
to soft robot structures, especially with respect to simulation and visualization.
This will lead to improved, and even more advanced, fiber path planning as well
as more accurate and reliable control algorithms.

Acknowledgments The authors like to thank the German funding bodies “BMBF, BMWi, AiF
and DFG” and the ministries of state Baden Wiirttemberg for the financial support extended for
successful completion of the projects.
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Abstract An approach for solving the challenges that arise from the increased
complexity of modern assembly tasks is believed to be human robot co-operation.
In these hybrid workplaces humans and robots do not only work on the same task
or interact during certain assembly steps, but also have overlapping workspaces.
Therefore, ‘safe robots’ should be developed that do not harm workers in case of a
collision. In this chapter, an overview of methods for designing a hardware based
soft robot that is inherently safe in human-machine interaction is given. Recent
projects show that robots could be soft enough for interaction but they are not able
to resist forces that occur in the assembly process. Current solutions show that the
designer of such robots must face a trade-off between softness and dexterity on the
one hand and rigidity and load carrying capabilities on the other hand. A promis-
ing approach is to integrate variable stiffness elements in the robotic system. The
chapter classifies two main design rules to achieve stiffness variability, the tuning
of material properties and geometric parameters. Existing solutions are described
and four concepts are presented to show how different mechanisms and materials
could be combined to design safe assembly robots with a variable stiffness struc-
ture.

15.1 Introduction

Due to more and more complex assembly tasks and the high diversity of product
variants in production environments, it is necessary to improve hybrid workplaces.
This kind of workplace combines the advantages of human beings, such as their
high flexibility and sensitivity, with industrial robots that can operate continuously
with high precision [1]. Because of this, safety plays a crucial role in human-robot
interaction to protect workers from injury. Hence, inherently safe systems utilize
passive non-actuated mechanisms that can swerve to avoid a collision, for exam-
ple with the human body.

Kim et. al. [2] distinguish between a software and hardware based safety ap-
proach. For example, established systems for human-robot-interactions are the
KUKA LWR or the ABB FRIDA. The LWR has an optimized weight-to-payload
ratio and additional torque sensors in its joints, allowing for a programmable com-

A. Verl et al. (eds.), Soft Robotics, DOI 10.1007/978-3-662-44506-8_15,
© Springer-Verlag Berlin Heidelberg 2015
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pliance and with this a direct human-robot interaction [3]. The FRIDA achieves
safety through hardware, such as utilizing motors with small torque and a crush
protection structure to prevent danger [4]. A desirable solution would be a passive
hardware mechanism that is inherently safe at its instant of impact without superi-
or activation control. From this mechanical viewpoint, Festo’s bionic handling as-
sistant is structurally soft, but it lacks precision and ability to withstand process
forces [5]. As indicated by the above examples, designers of robots face a trade-
off between softness and dexterity on the one hand and rigidity and load carrying
capabilities on the other hand.

A desirable approach for creating a soft and, thus, inherently safe robot for hu-
man-robot interaction is still an evolving challenge. In this context research done
in the field of ‘Soft Robotics’, dealing with soft and deformable structures, offers
high potential to develop new solutions. Robots made of soft materials with tuna-
ble characteristic properties can actively vary their stiffness, allowing high defor-
mations and dexterity as well as sufficient stiffness and load capacity. Such robots
are deemed, passively i.e. inherently safe because their compliance matches that of
human bodies.

The main challenge will be to identify new design principles for the integration
of these soft, tunable materials into the robot structure. This is to make use of their
chemical or physical effects to absorb a large proportion of the kinetic energy or to
yield in the event of a collision.

15.2 State of the Art in Soft Robotics

This chapter will give a short review of characteristic forms of soft robots that
have been developed in recent years. The evaluation of published solutions is used
to determine practical design principles, so the focus is laid on robots built from
soft materials that can vary their stiffnesses and undergo a high degree of defor-
mation.

Trivedi et. al. assert that soft robots can deform because of their infinite degrees
of kinematic freedom [1] and the soft materials they are made of. Soft robots are
the foundation of continuum robots because they can reach a predefined point in
three dimensional space with an infinite number of robot configurations [1]. Be-
cause of this high degree of structural flexibility, the mechanical resistance in the
event of impact can be reduced.

Inspiration for the development of safe robots can be found in nature, such as
octopus arms [2], elephant trunks [1] or earthworms [6]. Such robots could consist
of soft and lightweight materials and components [1] actuated by, for example ar-
tificial muscles [7, 8], springs [2] or tendons [9]. Robotic researchers show that
there are many different fields of applications, such as medical surgery for using
the previously described soft robot structures. Tommaso et. al. [8] present a modu-
lar, soft, variable stiffness manipulator for minimally invasive surgery. Another
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possibility to apply soft robots in medical fields is presented by [11] because of its
high dexterity, softness, and encapsulated shell. Additionally, robots’ ability to
squeeze through small holes make them adept at walking or crawling through un-
known terrain [2, 10]. These snake-like robots move by creating travelling waves
by contracting and expanding their cylindrical bodies [2]. Another approach cur-
rently in the early stages of manufacturing is the already mentioned bionic han-
dling assistant [5]. It is a biologically inspired robot arm made of soft plastics and
actuated by fluid pressure. Another biologically inspired trunk robot with many
segments connected by compliant joints and actuated by shape memory alloy
(SMA) is presented in [12]. Majidi [10] asserts that the concepts of soft robotics
could be extended. Material compliance matching—the principle that two materi-
als should share the same mechanical rigidity to spread and minimize the acting
stress concentrations—could be applied in healthcare, field exploration, and coop-
erative-human-assistance [10]. For this purpose, the key is to identify a useful
measureable property, such as Young’s modulus, for adapting the rigidity of a ro-
bot. For example, since steel has a modulus greater than 10° Pa, it is poor match
for humans whose skin and muscle tissue have a modulus of 10? Pa-10°Pa [10].

But for all their advantages, such as dexterity, softness and safety, soft biologi-
cal structures have some physical limitations [2]. To support their own weight
without a skeleton, they must be very small or if they are large, supported by a
surrounding medium such as water or terrain [2].

15.3 Design of Soft Robots with Variable Stiffness

To improve upon existing design approaches in soft robotics, principles that per-
mit the design of robots within the boundaries of desired softness and load-bearing
capabilities need be identified. A widespread approach to this problem is given by
the notion of variable stiffness. Aside from soft robotics, concepts applied in vari-
able stiffness mechanisms have been studied in disciplines such as in material sci-
ences, aerospace engineering, and human—computer interaction.

From a mechanical viewpoint, stiffness is defined as the measure of resistance
of a body to deformation. Different types of stiffness are distinguished as the re-
sistance to different kinds of loads. Bending stiffness S, or flexural rigidity, pro-
vides a measure for the resistance to bending, and is mathematically expressed as

S=FE-I, (1)
where £ denotes Young’s modulus and / the area moment of inertia. Similarly, the
torsional stiffness K, is given by the product of the shear modulus G and the tor-
sional moment of inertia /;:

K =G1,. 2)

The above equations imply that two basic strategies can be identified in variable
stiffness mechanisms: in-service adaptation of material properties and alteration of
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structure geometries. Many of the above examples in soft robotics exploit the for-
mer of these strategies. Stiffness variation based on tuning of material properties
makes use of intrinsic material effects. An overview of different design elements
exploiting material properties for stiffness variation as well as a choice of corre-
sponding design parameters are given in Table 15.1. Furthermore, examples of
applications that adopt one or more of these principles are provided in the table.
The presented elements are mainly incorporated as passive structure components,
however, some of them, e.g. shape memory polymers, are primarily used for actu-
ation.

In soft robotics research, jamming of granular matter has recently received
widespread attention as a way of changing the stiffness of passive elements. Jam-
ming is a phenomenon that occurs in many amorphous materials as diverse as
glass, colloidal systems, foams, and granular media. It describes the transition
from a disordered, fluid-like state to a rigid, solid-like state. Similar to solid bod-
ies, jammed media exhibit a yield stress, where the forces are distributed across
chains of particles [13]. The transition from a jammed to an unjammed or liquid
state and vice versa is induced by one or more of the following parameters: tem-
perature, density and load. For the purpose of deriving design principles in soft
robotics, this transition is considered a change in material properties as the
jammed body exhibits a yield stress and can then be treated with similar design
guidelines as those for solid bodies. Most applications exploit jamming of granular
media by applying a vacuum to a non-porous, flexible membrane filled with parti-
cles to remove excess air. Jamming like behavior has also been achieved with lay-
ers of overlapping plates that have a sufficiently high frictional coefficient [2].
The stiffness of this so called layer jamming mechanism is also varied by applying
a vacuum.

Rheologically complex substances such as magneto- (MR) or electrorheologi-
cal (ER) fluids have been studied in soft robotics, for example, as tunable stiffness
fluids in soft actuators [14] or rigidity-controlled artificial muscles [15]. However,
the high electrical and magnetic fields still pose a limit to the use of MR and ER
fluids in many robotic applications.

Shape Memory Polymers (SMP) have attracted widespread attention, not only
in soft robotics but also in morphing applications such as in aerospace engineer-
ing. SMP can reverse their elastic modulus by switching between a lower-
temperature glassy state and a higher-temperature rubbery state. Compared to tra-
ditional shape memory alloys, SMP feature a higher transduction coefficient but at
the cost of a higher response time.

Beyond traditional engineering materials, new classes of gels and colloidal sub-
stances are believed to evolve from the field of soft robotics [10], some of which
may open new frontiers for researchers seeking to design soft biomimetic ma-
chines [16]. Many of these novel fluids and gels exhibit non-Newtonian behavior,
i.e. shear-thinning or shear-thickening properties, which can be deliberately ex-
ploited for the design of variable stiffness elements for soft robots. In particular,
nanocomposite (NC) hydrogels have been shown to have extraordinary mechani-
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cal properties compared to conventional chemically crosslinked gels [17]. For NC
polymer-clay gels, for example, variations in viscosity of four orders of magnitude
have been reported [18].

Table 15.1 Tuning of material properties for variable stiffness mechanisms.

Design principles Design parameters Applications

Granular jamming Porosity, size and shape distribution of ~ STIFF-FLOP [8], FormHand
grains, interstitial fluid [19]

Layer jamming Number of contact surfaces, frictional ~ Snake-like manipulator [11]

coefficient, width and length of flaps

Magneto-rheological/  Magnetic material, particle size and con- MR fluid rubber actuator for

electro-rheological flu- centration walking robot [14], micropat-
ids terned elastomer MR [15]
Shape memory polymersStructure (physical or chemical cross-  Artificial rubber muscle using
(SMP) linked, amorphous), particles (microfi- ~SMP [20]

bers, micro or nano particles), other in-
gredients and fillers

Novel fluids and gels, Hydrogels: composition of gels and parti- Hydrogel artificial muscles
e.g. NC hydrogels, elec- cles, molecular weights [21]
tro-active polymers

Variation of geometric parameters, as classified in Table 15.2, seems to have been
far less explored in the field of soft robotics than variation of material properties.
One reason for this may be that soft robotics draws much of its inspiration from
biology, animals and humans in particular, and thus researchers have turned their
interest to muscle tensioning as a means of stiffness modulation [2]. Consequent-
ly, research has mainly focused on the development and improvement of artificial
muscles rather than on the design of soft, variable stiffness structural elements.
Few examples in soft robotics exist where stiffness variations are accomplished
through tuning of geometric parameters [22]. By studying alternative ways of ac-
tively tuning the stiffness of otherwise passive structure elements, researchers may
gain inspiration for new designs of inherently soft robots.

One way of tuning the stiffness of an entire structure is to change its geometry.
This type of stiffness variation has primarily been studied in morphing applica-
tions, e.g. for shape-adaptation of airplane wings. Changing the structure geometry
essentially boils down to changing the area moment of inertia. For example, the
area moment of a collapsible honeycomb structure can be altered by folding and
unfolding it. Such morphing structures have been proposed, e.g. in the form of
variable stiffness composite materials (VSM), where the composing cellular ele-
ments can take on any gradation of shapes between two different stiffness states
[23].

Another method is to alter the effective stiffness of the springs that are con-
tained in the structure. Such variable stiffness mechanisms have been developed,
for example, for patient rehabilitation machines [24] and tunable stiffness legs for
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walking robots [25]. The herein presented designs vary the spring stiffness by
changing the effective length of the spring. A similar approach has been presented
in [26], which describes a stiffness-adjustable endoskeleton-like structure with al-
ternating compliant and rigid segments. The compliant segments are stiffened by
compressing them with an axial force. These segments can be thought of as having
an equivalent spring constant. So the stiffness of the entire structure becomes a
function of the axial compression.

Finally, shape locking mechanisms can also be employed to switch between
flexible and rigid modes in a mechanism. The so-called Dragon Skin structure
presented in [26] consists of scale-like elements sheathed in a sealed cover. In
contrast to the layer jamming concept described above, the elements are held to-
gether through a geometric interlocking mechanism when a vacuum is applied.
Another shape locking mechanism that uses a composite of constant stiffness ele-
ments and variable stiffness elements is given in McKnight and Henry [23]. In this
design, the constant stiffness elements carry the structural load, whereas the varia-
ble stiffness elements provide variable connectivity between the rigid elements.

Aside from the methods presented in Table 15.1 and Table 15.2, there are sev-
eral mechanisms that combine principles from both design strategies simultane-
ously. In inflatable honeycomb structures [27] intended for morphing of airplane
wings for example, the stiffness is varied by changing the cross section of the
structure, and thus the area moment of inertia, as well as the pressure inside the
cells. A change in pressure then corresponds to a change in the bulk modulus of
the composite structure. Other composites which are based on a modulus change
are fluidic flexible matrix composites (F°MC). They are a class of controllable
stiffness structures with origins in morphing which may spawn new designs in soft
robotics [28]. F*MC structures consist of fiber wound tubes, where the fibers are
arranged in such a way that the tubes exhibit a pronounced anisotropy when pres-
surized. The stiffness is tuned by controlling the fluid flow in and out of the tube.
Embedded in a matrix, multiples of these tubes form building blocks of a variable
stiffness composite, e¢.g. a honeycomb sandwich structure. Related mechanisms
have been studied in soft robotics as well. Networks of inflatable chambers have
been used for rapid actuation of soft robots [29].

Table 15.2 Tuning of geometry parameters for variable stiffness mechanisms.

Design principles Design parameters Applications

Variable geometry structures Structure material, morph- Deformable variable-stiffness cellular
ing shape structures [23]

Variable spring stiffness Spring material, spring ~ Variable stiffness mechanism using wire

mechanisms, variable stiff- geometry, spring length  springs [24], stiffness adjustable endo-

ness spring-like mechanisms skeleton [22], tunable stiffness compo-

site legs [25]

Shape locking mechanisms ~ Shape locking material, —“Dragon skin” shape-locking mecha-
(laminate material), shape nism [26], variable stiffness materials
locking geometry for reconfigurable surfaces [23]
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The classification presented in this section is intended to aid researchers in soft
robotics in developing new concepts of tunable stiffness designs to include in their
robots. In combining several of the principles outlined above, designs with an
even larger range of stiffness variability may be obtained.

15.4 Concepts

The principles stated in Tables 15.1 and 15.2 offer new applications within robot-
ics, but they also raise challenges for the designer. For example, the presented var-
iable stiffness fluids follow different laws than conventional materials. With shear
thinning materials, the normal forces which usually occur during an impact must
be constructively converted into shearforces since only they will produce the shear
thinning effect. In addition, new ideas of stiffness adjustment must be developed
to optimize the designs.

The question arises whether these principles and materials are useful for de-
signing soft robots for assembly tasks. As already mentioned, for complex assem-
bly tasks human-robot interaction is a favorable approach to reduce complexity
and increase automation where applicable. This entails that the robot must be in-
herently safe while maintaining its production relevant performance. Depending
on the task and the forces which occur during the process, different design types
are conceivable. Design type 1 is a robot with a mass-optimized skeleton and an
outer soft shell provides limited passive safety protection. In this design, inertial
forces and dynamics, depending on the softness and damping capability of the
outer shell, should be reduced to achieve desired protection. The advantage of this
design is that considerable process forces or loads can be applied. Design type 2 is
a highly segmented robot where soft links are combined with small rigid elements.
This type is a hybrid structure between type 1 and 3. The potentially softest, and
presumably safest structure is type 3, which is a continuum robot built only with
soft materials. In addition to the stiffness adaptation to resist forces, continuum
robots face more challenges, such as the actuation and kinematics of the robot’s
position.

The following four design concepts are based on the previously stated princi-
ples and are illustrated in Figure 15.1. Concept (a) shows one link that uses the
principles of variation of the geometric parameters combined with the mechanism
of granular jamming. In concept (b), the principles of layer jamming and an ad-
justable Young’s modulus are implemented in one link. The variation of the geo-
metric parameters and the use of variable stiffness fluids are utilized for the com-
plete robot concept (c). The design idea (d) is based on the principle of variable
stiffness fluids.

The first design (Fig. 15.1, a) utilizes pneumatics energy. The body consist of
two chambers. The outer chamber is comprised of a solid, granular material that
becomes rigid when stressed. The inner chamber is sealed but the air pressure can
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be regulated by an air valve. When the pressure is increased, the filler in the outer
chamber is compressed which enhances the rigidity of the entire system. Com-
pared to the presented soft robots based on granular jamming, this concept uses
pressured air so that the link always deforms to the same predefined shape im-
posed by the outer shell for a given pressure. The use of liquid material for the
filler could be an interesting research subject.

The structure of concept (b) is similar to (a). In the outer chamber, plates are
embedded in shear thinning material while a vacuum is created in the inner cham-
ber. Due to the adjustable vacuum in the chamber, the plates lie against each other
and stick together. The normal forces that occur during a collision are converted
into shearforces due to shifting of the diagonally placed plates. An alternative idea
is to remove the vacuum while increasing the cross section or the behavior of the
shear thinning material to withstand the forces that occur during the process.

The design in Figure 15.1, ¢ shows a concept with alternating rigid and soft
segments. The soft segments are made of a hyper elastic hydrogel that preferably
matches the stiffness of the human body (compliance-matched). The concept can
be actuated by wires that pass through the inside of the robot, and the rigid plates
can be clamped to restrain the way the robot moves. By pulling and releasing the
wires the effective spring length of the soft segments is changed and therefore the
stiffness is adjusted. Further improvement could be made by mixing additives to
the matrix to alter the hydrogel properties, e.g. anisotropy or shear thinning behav-
ior. Anisotropy could reinforce the robot’s axial direction while keeping the radial
direction soft. In other concepts shear thinning behavior could be used to let the
rigid plates slip away during a collision.

Outer chamber =———# ;
Connecting

plate

Inner chamber

Shear thinning
material

| Shear thicking
material
|

Fig. 15.1 Concepts derived from the design principles
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The last concept is based on the shear thickening effect of some materials, e.g.
a water-cornstarch suspension. The example in Figure 15.1, d contains three links
that are separated by connecting plates. The links’ structure is the reverse of con-
cept (a). The inner chamber consists of shear thickening material while the outer
chamber works as a pressure actuated, pulsating shell. Because of the pulsating
stimulation, the shear thickening material becomes rigid and can withstand forces
that occur during the process. These design concepts are a small extract of what
could be devised with the stated principles. Obviously, there are other combina-
tions of principles to create a variable stiffness robot.

15.5 Summary and Outlook

Opportunities and challenges for the design of inherently safe robots have been
proposed. Existing approaches to safe robots are generally classified into software
or hardware based solutions. Hardware based mechanisms, such as soft compo-
nents with variable stiffness, were assessed to be particularly promising to provide
inherent safety. Hence, state of the art designs of soft robots were presented, fo-
cused on the trade-off between stiffness and softness as well as stiffness variabil-
ity. Two main aspects were introduced to achieve stiffness variability: tuning of
material properties and geometric parameters. This classification can be used as a
basis for the development of variable stiffness robot components and entire robot-
ic systems. As a start, four initial concepts were introduced that rely on the varia-
tion of geometric parameters as well as the variation of Young’s modulus.

The chapter shows only a small extract of topics which can be addressed within
the field of soft robotics. To meet all the challenges, but also to explore all the po-
tentials which arise in the use of soft structures, scientist and engineers from dif-
ferent disciplines need to intensify their collaboration. Extensive studies on soft
materials, their fabrication and integration, to develop new tunable material behav-
ior and improve their deployability in robotic applications, seem to be a key point.
Once this has been achieved there will be further need for novel solutions in actua-
tion, sensing, modelling, and control.
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16 Aspects of Human Engineering — Bio-optimized Design of
Wearable Machines

C. Hochberg, O. Schwarz, U. Schneider

Fraunhofer Institute for Manufacturing Engineering and Automation IPA, Stuttgart

Abstract This chapter outlines important factors for the design process of wear-
able robots. First, the challenges are discussed and possible user groups are de-
tailed and categories of devices given. Then, major differences of classical design
methods from the field of robotics are illustrated. This is due to linking between
the machine and the user and challenges of user intention detection. Finally, some
design approaches, guidelines and best practices for the development of wearable
devices are discussed.

16.1 Introduction

16.1.1 The Challenge

Currently, physical injuries and diseases leading to loss or impediment of parts of
the musculoskeletal system can only be rehabilitated or alleviated by high tech de-
vices.

This includes training, or substitution, supported by complex technical systems.
These systems are becoming ever more closely linked to the human body. Thus,
design approaches have to be determined, which allow the development of safe
and effective devices focusing on all relevant aspects.

The challenge is to bring design approaches and solutions form robotics, com-
puter science, health care, physiology, psychology and many more fields together
to create an integrated, user-friendly, and safe product.

Traditionally, robotic design approaches take the human only into moderate ac-
count, as the machine and the operator are usually apart from each other and
should even be shielded by fencing. Developing machines which are to be worn
by a human pose very different challenges. The design process has to take human
anatomy, psychology, and other needs of a varying, unpredictable and emotional
operator into account.

A. Verl et al. (eds.), Soft Robotics, DOI 10.1007/978-3-662-44506-8_16,
© Springer-Verlag Berlin Heidelberg 2015
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16.1.2 Prevalence

Stroke Patients

A stroke is a sudden disease of the brain, which can lead to failure of brain func-
tions. It is caused by a critical disruption of the blood flow inside the brain. This
leads to an abrupt reduction of oxygen and other substrates in the nerve cells [1].
Epidemiology of strokes in Germany:

e Stroke due to too low blood circulation: 80% of all incidents and 150-240 per
100.000 people [2, 3]

e Stroke due to bleeding inside the brain: 20% of all incidents and 24 per 100,000
people [2, 3]

e 196000 first strokes and 55,000 reoccurring strokes in Germany each year
(2008) [4]

e Stroke is 3™ most frequent cause of death in Germany with 63,000 fatalities a
year (2008) [4]

e Strokes are the 2" most frequent cause of death worldwide [5]

e Strokes are one of the frequent causes for disabilities [6]

Prevention of Bodily Injury

A number of professions perform lifting activities that lead to musculoskeletal
overuse. It is not the mass of the load alone being lifted and carried, but the static
position in which the spine is loaded. Especially, high loads to the lumbar back-
bone are affected [7]. Professions in logistics, assembly, and the military (HULC)
are in the target market of exoskeleton developers.

In the nursing profession, for example diseases of the spine, muscles and joints
are a serious problem. These represent 35% of all diseases leading to disability.
This is the main cause of early retirement [8]. 85% of women who are suspected
of such a work-related disease (BK 2108, [9]) are working in the health sector.
The reason is that these women spent 25% of their work day in biomechanically
harmful postures. The CUELA [8] study examined this by studying the inclina-
tions of health care workers’ bodies during a single work day. The study counted
1541 waist inclinations with an angle of more than 20 ° per shift on average [10,
11]. Thus, the nursing staff spent a total average of 2 hours of their working day in
an unhealthy position.

Exoskeletons can support transporting heavy loads and avoid the frequent dec-
lination, twisting and lateral bending of the upper body. The challenge will be to
combine the functions of force enhancement and physical prevention in a light,
portable, exoskeleton with high wearing comfort and user-friendly design.
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16.2 Designing a Wearable Robot: State of the Art

16.2.1 Different Types of Exoskeletons

To gain an overview of the state of the art of wearable robots they are categorized
by their different design goals and intended applications. These categories with re-
spective examples are listed in Table 16.1 and pictures of examples are given in
Fig. 16.1.

Functional Replacement describes devices that help patients who have lost
functions of their musculoskeletal system such as in paraplegia. They replace the
lost function by technical means.

Devices in the category Therapy and Rehabilitation are designed for training of
patients who have lost, or impeded, musculoskeletal functions. The goal is a par-
tial, or full, recovery of the patient. Furthermore the design focuses on the training
task rather than assisting with other tasks such as household chores. It is supposed
to become obsolete after the training was accomplished.

Physical Prevention and Force Assistance represents a category of devices
which are worn by mostly healthy users or people with minor injuries or signs of
fatigue due to physical stress. Such devices are mostly design for work environ-
ments and can be applied in fields such as logistics, manufacturing, and
healthcare. The user is usually not a patient, but has the option of wearing the de-
vice.

The intention is to reduce or prevent physical pain such as chronic back pain,
herniated disks, or tennis arms created by stress through heavy lifting, long term
stress, or physiologically non-optimal movements. This is mostly the case in rou-
tine manual work. As a result of wearing the device the worker is supposed to
have a longer, and overall healthier, work life with less absences and more moti-
vation.

The category Auxiliary Assistance refers to vision technology for the field of
wearable robots, where a wearable device gives the user extra limbs, such as arms,
to be able to perform more complex tasks alone, without the help of other people.
However, as this robot is body worn, it is not independent from the wearer and has
a lesser degree of autonomy as stand-alone assistant robots. Its possibilities will be
discussed at the end of this chapter.

Table 16.1 Classification of different types of exoskeletons

Class of exoskeleton Example of exoskeletons
Functional Replacement ReWalk, Mina, Active knee prosthetics
Therapy and Rehabilitation Ekso, Mina, Active arm orthesis

Physical Prevention and Force Assistance  Light Exoskeletons for logistics, production or
health care, Bodyweight Support Assist,

Auxiliary Assistance Body worn Cobots with extra limbs (vision)
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Mina, IHMC & NASA Bodyweight Support
USA Assist, Honda, Japan

Robotic Suit HAL, Rewalk, Israel E3 Fraunhofer Assist,
Cyberdyne, Japan Fraunhofer Germany
(Source: Fraunhofer

IPA)

Fig. 16.1 Different Exoskeletons for different purposes

16.2.2 Power and Drives

As shown in Table 16.2, all leading exoskeletons use one or two pairs of electric
motors as their source of power. However, depending on the setup and applica-

tion, the operating times vary.
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Table 16.2 Performance and specifications of leading exoskeletons

Product ReWalk elLegs Robot Suit HAL Bodyweight Support
Assist

Argo Medical o

Company . Ekso Bionics Cyberdyne Honda
Technologies

Body N/A 1,50m - 1,90m 1,45m - 1,85m 1,55m - 1,90m

Height

Type Bi-pedal, at outer Bi-pedal, at outer side of ~ Bi-pedal, at outer side of legs Bi-pedal, chair-like at inner
side of legs, legs, with backpack module side of legs

Weight about 15-18kg  23kg 12kg 6,5kg

Operating  N/A about 6h about 1h about 2h

Time

Power Unit 4 Electric Motors 4 Electric Motors 4 Electric Motors 2 Electric Motors

Interface ~ Remote-control, Remote-control, pressure  Electrodes at skin measure Force/torque sensors at
joystick sensor for detecting forward muscle activity shoes and motors
leaning
Application Functional Re-  Therapy of paraplegic pa-  Rehabilitation for patients Physical Prevention and
placement of par- tients with cerebral, nervous and Force Assistance

aplegic patients muscle disorders

Source http://rewalk.com/http://www.eksobionics.com/http://www.cyberdyne.jp/ http://corporate.honda.com/

ekso/faq english/customer/index_4.htmlinnovation/walk-assist/

16.2.3 Detection of User Intention

Depending on the task, or the application, a variety of control methods and signals
can be used to determine the wearer’s intentions. These can be sorted from simple
signals, to complex control schemes. As the machine is physically linked to the
user, even a control scheme can be regarded as an interface and a crucial safety
aspect at the same time.

It has to adhere to fundamental human engineering concepts and psychological
rules. Therefore, great emphasis has to be put on the mental abilities of the users
to understand the intent of their input. Thus, the interface and control scheme has
to allow the wearer to generate a mental model of reactions of the machine for it to
remain predictable. A simple example is the interaction of a bicycle and its rider.
Pushing the pedal leads to acceleration forward. This is easily comprehended by
any rider.

Additionally, several aspects of human anatomy and self-perception might in-
terfere with the machine’s control scheme. One is the users’ subconscious urge for
maintaining balance. Powerful, spontaneous acceleration and highly unpredictable



189

torque from the exoskeleton can lead to uncontrollable counter reactions by the
user, which could pose a safety risk.

Furthermore, the interface has to take the user’s proprioception into account.
This allows the user to understand, without seeing where their body parts are posi-
tioned, their pose and what forces they apply. Thus, high permanent forces from
the exoskeleton to the wearer might lead to mental confusion. Furthermore, unin-
tended movements of inactive extremities of the user might also lead to mental
distraction.

Allowing the user to generate a mental model of the machine’s reaction in-
cludes considering the user’s motion planning. As the wearers are autonomous
themselves but still linked physically to the control scheme of the exoskeleton,
most parts of the motion planning have to be done by the user. Furthermore, sys-
tems have to comply with the user’s impetus to always execute the simplest or the
most direct motion paths.

As most of these effects are subconscious, and related to the user’s sense of
safety, it is important that they are carefully considered during system design.
Otherwise, the system might violate the user’s feeling of personal autonomy and
safety or simply seem to interfere with, and dominate, the user. This might lead to
quick rejection and difficulties convincing the user of wearing other exoskeletons
in the future.

The goal is to choose a fast and reliable interface method for the task at hand.
Therefore several interfaces and modes of user intent detection are listed below, in
order of their complexity:

Pre-Programmed: An algorithm follows a pre-programmed movement with little
user interaction.

Example: an active arm orthesis for stroke rehabilitation.

Applicable in: Therapy and Rehabilitation

Design Considerations: Only On-Off switch and optimally a mode selection
for speeds or rhythm variations. Only simple movements are possible.

Push-Button: Pushing of a button executes a movement instantaneously.

Example: Leg exoskeleton for paraplegic patients

Applicable in: Functional Replacement, Therapy and Rehabilitation,

Design Considerations: Direct detection of user intent. No complex move-
ments preferable, movement variation is limited due to limited button space, no
automatic adaption to different situations or terrains.

Pressure Shift: The exoskeleton detects a shift or change of pressure between the
user and the exoskeleton.
Example: paraplegic users shift their weight to control a leg exoskeleton
Applicable in: Functional Replacement, Therapy and Rehabilitation, Physical
Prevention and Force Assistance
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Design Considerations: Rather slow detection of user intent, noisy signal,
Fuzzy Control possible, interface might interfere with sense of balance,

EMG-Deduction: EMG electrodes are in contact with the user’s skin and meas-
ure the muscle tonus.

Example: A rehabilitation device for patient with cerebral, nervous, and mus-
cle disorders

Applicable in: Functional Replacement, Therapy and Rehabilitation, Physical
Prevention and Force Assistance, Auxiliary Assistance

Design Considerations: The sensor has to touch the bare skin of the user. This
might lead to hygiene or disinfection problems. EMG has a limited accuracy and
high noise, which might lead to safety risks. Only 96% accuracy is reachable
when combining EMG with other sensors [12]. As other movement might inter-
fere with the interface, the user intention might not be clearly detectable. EMG is
only applicable if the user groups are expected to have some measureable muscle
tone.

Sensor Fusion: Using a variety of the above, with extra sensors such as IMUs, ra-
dar, or laser, many different signals generate a probability of the user’s intent or a
situational change.

Example: Change of gait in an active knee prosthesis when climbing stairs

Applicable in: Functional Replacement, Therapy and Rehabilitation, Physical
Prevention and Force Assistance, Auxiliary Assistance

Design Considerations: The intent is only indirectly detected. This might be
too vague and lead to misinterpretations or long interpretation cycles, which in
turn might confuse the wearer and lead to safety risks.

Torque Control: The torque at the joints of the exoskeleton is measured and dif-
ferent control algorithms derive a reaction of the exoskeleton from these meas-
urements.

Example: An exoskeleton supporting a worker in an assembly line

Applicable in: Therapy and Rehabilitation, Physical Prevention and Force As-
sistance, Auxiliary Assistance

Design Considerations: Different control algorithms such as Admittance con-
trol or Zero-Torque control are possible depending on the task. It might be diffi-
cult to interpret the user’s intention when an outside force is applied through an
extra load for example. The reaction time might be too slow.

16.2.4 Human Anatomy
The human anatomy, biomechanical properties, as well as their limitations and

variations are a key aspect for designing a wearable device. These are the crucial
differences from the classical design constraints for robotics. The most important
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aspects, and brief conclusions, for their implications on the design process are out-
lined below.

Complexity Difference of Human and Machine Joints

In most cases the human body’s joints do not just have one fixed axis of rotation
like in a mechanical joint. Rather, their movement consists of a combination of ro-
tation and sliding. This is called a pole curve [13].

To emphasise this problem, the human knee is taken as an example. The knee
as mentioned above consists of a roll-gliding motion. At the beginning of leg flex-
ion the parts of the knee called the femoral condyles are mostly gliding.
Then,during the main movement the motion transforms into a stationary rotational
gliding which is held in place by the cruciate ligaments [14, 15].

The pole curve of each human is individual and can be measured by a Goniom-
eter. A technical and automatic measurement of the pol curve is described by K.
Buttgereit [16]. Some results and the measurement device are illustrated in Fig.
16.2. Designers of wearable machines should take careful considerations when
mimicking or supporting human joints. In many cases is important to insert addi-
tional passive joints near the human joint, allowing a free rotational-gliding mo-
tion and not inducing physiologically harmful movements [17].

Gangpolkurve

Fig. 16.2 Virtual triangular at the test equipment for measuring pole curves; [16] Middle: model
of generating pole curves: the moving centroid curve is purple. Yellow and blue represent the
cruciate ligaments and turquoise connecting the dots of each segment is shown. [26] Left: meas-
urement of the knee position with its specific pole curve
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Variation of Body Dimension and Motion Ranges

As an exoskeleton is designed for a certain user group, variations in the length,
sizes and range, as well as degrees of motion of the prospective users’ body parts
have to be taken into account. These statistical values can be derived from norms
or large population measurements [18, 19].

Here, percentile values are quoted, which relate a certain body part’s measure-
ment to the percentage of people whose body part is smaller in size, or whose
range of motion is shorter, than the given measurement.

When designing an exoskeleton, some parts close to the body such as legs,
backpacks, or arm supports have to be adaptable to different user’s sizes and mo-
tion ranges. The reason for this is to avoid physical long-term harm to the wearer
and to allow the most freedom of motion by the user without reaching a singulari-
ty or colliding with the user’s body [20].

This is achieved by defining a range within which the sizes, or degrees of mo-
tion of certain parts of the exoskeleton, are easily adjustable to fit each user. The
most important values for this are the 5th percentile of women, as this indicates
the minimum size. Furthermore, the 95th percentile of men best specifies the max-
imum value of such a range. Designing the exoskeleton to fit the rest of the popu-
lation is in most cases not cost efficient and only necessary in some high risk ap-
plications.

Linked Motion and Singularities

Due to the complexity of human joints, their technical approximation, and the var-
iations in size of the wearer’s body parts, as well as varying ranges of motion of
individual users, standard approaches from the field of robotics for determining
singularities or collisions are becoming more complex.

The resulting kinematics of active and many passive joints generate a more
complicated singularity analyses. Furthermore, the user is linked to the exoskele-
ton. Thus, this kind of analysis cannot be done without considering the wearer’s
singularities, properties and limitations.

Some of the implications are:

e The point of origin is relative to the user, as the user can move freely around.
Some points of origin might even be shifted as the kinematic structure of the
exoskeleton moves around the user.

e Passive joints, not only close to the human’s joints, but also at other positions
around the wearer’s body, have to be inserted to accommodate for the exo-
skeleton movement around the user and the complex kinematics of the human
body.

e The additional passive joints have to be considered in all singularity and colli-
sion analyses,.
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e Human motion axes are variable and move during rotational movement. This
creates more complex singularities.

e The motion space, within which the free movement of the operator is guaran-
teed or necessary, has to be confirmed through a kinematics analysis.

e Secondary Singularities deriving from the relative movement of the exoskele-
ton around the user have to be contemplated. The user and the exoskeleton are
regarded as one integrated system. This is different from traditional robotics,
where the user is considered a distant operator.

e Collision of the human body and the exoskeleton, both near and far from the
machine’s and the body’s singularities, must be examined.

e The motion of the exoskeleton becomes the interface to the user as well as the
task of the machine. Therefore, all rules of interface design from human engi-
neering apply to the motion design of an exoskeleton.

e The motion and reaction of the system has to be comprehendible by the user

o The motion has to facilitate the user’s senses and urge for balance.

e The motion has to support the user’s proprioception: the sense of where all
body parts are positioned in space and what forces are applied.

e Mechanical stoppers have to be specified to guard all users’ joints from being
over stretched or popped out.

e Force limits and motor-gearing properties have to be set to match the users’
limitations. Back-drivability by the wearer or automatic decoupling of the actu-
ator during power-off is necessary in an emergency.

For some of these considerations recoding a real user’s motion performing the in-
tended tasks via a 3D-Motion analysis with force plates in the ground could pro-
vide the necessary information for simulations and other kinematics analyses.

The point cloud generated by the 3D-Motion analysis could be transformed into
a simplified human model. These kinematic data can then be fed into the mathe-
matical model of the exoskeleton to perform tests according to the above implica-
tions e.g. search for Secondary Singularities or collisions with simplified body
parts.

This method can be scaled to perform mass evaluations with an entire range of
user of different properties such as heights, ages, medical backgrounds, and so on.
Furthermore, in some cases it might be possible to predict stress or other forces on
the human body wearing the exoskeleton. Thus, this could support the evaluation
of the fundamental design concepts to analyse the benefit of a specific exoskele-
ton. Additionally, health risks due to long-term stress, or over stretching of joints,
for user sub groups with specific physical properties, could be identified.
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16.3 Therapy and Rehabilitation

In this field of application a wearable robot is designed for moving an injured or
impaired body part for training purposes. The goal is the full recovery of motor
control of the body part, or partial improvements of the musculoskeletal system as
well as reducing the impact of side-effects due to immobility and non-stimulation.

An example for such an exoskeleton is the active arm orthesis CyberRehab by
Fraunhofer IPA [21] (Fig. 16.3).

The success of the rehabilitation process is based on the effect of afferent stim-
ulation of the central nervous system by the activation of muscles and the render-
ing of forces during training. Therefore, high training intensity and task specific
training of daily life movement patterns are the major factors affecting the quality
of rehabilitation treatment [22]. These perceptions also influenced guidelines for
the rehabilitation process after stroke published in the Netherlands [23]. Addition-
ally, a repetitive locomotion therapy on an electromechanical gait trainer in a non-
compliant training mode proved effective in restoring the ability of independent
gait in non-ambulatory stroke patients [24].

Fig. 16.3 Active Arm Orthesis CyberRehab by Fraunhofer IPA, Stuttgart, Germany

16.4 Physical Prevention and Force Assistance

This category of devices is designed for healthy, or only slightly impaired, opera-
tors. The main goal is to prevent future injury, disability, or conic diseases by sup-
porting the biomechanically correct motion and giving power assistance when
necessary.

These exoskeletons are applied in fields such as manufacturing and assembly,
where the worker is operating on difficult to access parts, or in biomechanically
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non-ideal posture such as overhead work. Examples are in progress at Fraunhofer
IPA.

Moreover, these machines could be employed in logistics, where heavy loads
and long term physical stress on the body leads to a large number of health-related
absences, motivational decline and work force fluctuation.

Additionally, healthcare workers and care personal for the elderly could be an-
other group of users. As these users often carrier or support patients manually they
tend to be affected by back and shoulder pain due to long term overloading.

As these exoskeletons are often applied in the work place, they will have to ad-
here to the limited technical understanding of the users, quick and stressful work-
ing environments and short attention span. They have to be physically robust and
easily controllable. A light weight construction, with an emphasis on spinal sup-
port as well as flexibility and freedom of motion are important properties for
wearable devices in this category.

Though, most importantly, they have to take the users autonomy and motive of
personal safety into account. Otherwise, bodily worn devices face a very high re-
jection rate.

Often exoskeletons tend to be designed for a too heavy load or become very
bulky. To prevent this, understanding the Allometric Law for Terrestrial Verte-
brates is crucial: S ~ L”® where S is the weight of the entire skeleton and L is the
weight of the maximum acceptable load being lifted [25].

This leads to a trade-off between load and the size of the exoskeleton. Thus, to
achieve the best possible outcome of the user’s health, and efficient operation,
most of the load has to be handled by the operators themselves.

If harmful biomechanical movements, posture, and physical stresses can be re-
duced by the exoskeleton, it is physiologically preferable to achieve muscle build-
up through exercising while working. This might even have a positive effect on
the operators’ overall well-being in many ways.

16.5 Vision: Auxiliary Assistance

To achieve vision for the wearable robotic field the next step of could be devices
for Auxiliary Assistance. Such devices are worn similarly to the others described
earlier. However, they provide the wearer with extra limbs, machinery or tools
that can operate semi-autonomously without being directly attached to a wearer’s
extremity. One conceptual example is pictured in Fig. 16.4.
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Fig. 16.4 Multi-Arm Co-Robot Fraunhofer IPA Design (Source O. Schwarz)

The main differences, however, will be the user intention detection, which might
be more heavily relying on image processing, voice interaction and Zero-Torque
control or other haptic control for pushed-to-position teaching of the device.

Furthermore, as the device is more separate from the operator and more inde-
pendent the complexity of Secondary Singularities is decreasing and the com-
plexity of collision detection is increasing.

Finally, the user’s mental model of the device’s movements and reactions shifts
from sensing to empathic relationships with the machine. Therefore, high priority
has to be given to the user’s sense of autonomy, dignity and self-expression. This
prevents the device from seeming uncooperative, dominant, or uncaring and raises
acceptance levels.
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17 3D Printed Objects and Components Enabling Next
Generation of True Soft Robotics

Andreas Fischer, Steve Rommel, Alexander Verl

Fraunhofer Institute for Manufacturing Engineering and Automation IPA, Stuttgart

Abstract Soft robotics in the content of true softness, with regards to compo-
nents, parts, or the complete robot, are the next step in the development of tools
for humans, especially when used in close proximity. Considering the fact that ro-
bots are a multilevel extension of the human body, and that their main purpose
should be to help humans perform tasks, then focusing on the development of soft-
materials, and product design options allowing for flexibility and softness by de-
sign is necessary, for the next development level of the tool “robot”. Using addi-
tive manufacturing in combination with new materials, design methods, and bio-
mimicry / biomimetics is a key in that development, but also very challenging due
to the multi-level complexity. An understanding of the real world tasks required to
be performed, and abstracting this information into new applications and robotic
designs in the combination mentioned above, is shown in the chapter, functioning
as a basis and overview of the state-of-the-art.

17.1 Introduction

Recent developments in the field of additive manufacturing (also called generative
manufacturing or 3D-printing) have produced the first examples of new designs
and compositions of robots. Purely designing products and objects following the
functions required to be performed, tools or robots have received more than a new
appearance or outer skin. Soft robotics, in the sense of soft joints, soft shells, soft
components in general, with added functionality like embedded components are
possible today. One of the first examples is the award-winning innovation called
“Bionic Handling Assistant” — a robotic arm inspired by an elephant’s trunk,
which could only be manufactured using additive manufacturing methods [1].

The possibilities of combining these new technologies with new materials and
new design thinking are truly endless and expanding, and are the motivation of the
examples and developments described in this chapter.

A. Verl et al. (eds.), Soft Robotics, DOI 10.1007/978-3-662-44506-8_17,
© Springer-Verlag Berlin Heidelberg 2015
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17.1.1 Additive Manufacturing (AM) as a Manufacturing Technology for
Soft-Robotic-Systems

17.1.2 The Production Processes

Additive manufacturing (AM), also called 3D-printing, are new forms of manufac-
turing technologies to design and create products. Although there is quite a selec-
tion of different AM technologies, e.g. Fused Layer Modeling (FLM), Selective
Laser Sintering (SLS), Selective Laser Melting (SLM), Digital Light Processing
(DLP) just to name a few, the basic principle is always the same. All are based on
the fabrication of objects layer by layer.

This characteristic offers design engineers and developers not only undreamed-
of shaping possibilities but also new opportunities to adapt functional mecha-
nisms, such as those found in nature. Thus, if combined with biomimicry and bi-
omimetics, as well as new material developments, additive manufacturing tech-
nologies offer huge potential for developing many other innovations in the near
future.

Two of the technologies, Selective Laser Sintering (SLS) and Fused Layer
Modeling (FLM) are described in further detail below.

Selective Laser Sintering (SLS) uses a plastic powder which is first molten or
sintered by a laser and then solidified (Fig. 17.1). The laser is hereby reflected by
a mirror. Once all the points per layer have been solidified the building platform
lowers itself by the predefined amount and the next layer of powder is applied us-
ing a wiper system. Once completed the process starts again and is repeated until
the complete object is fabricated. Unused powder functions as support material
during the printing process. Polyamide 12 (PA) is the material most widely used
with a broadening of the material selection being expected over the coming years
[1,2].

laser —————— D \— mirror
melting area N\
wiper (incl. powder ———
resevoir)
support structure

soldified object building platform

Fig. 17.1 Selective Laser Sintering process principle.

Compared to SLS the FLM-process used a hot nozzle system in order to melt a
thermoplastic material string and applying it to a build platform in order to create
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the specific layers of the object. The classical setup of an FLM system is that of a
3-axis portal machine — x and y movement performed by the print head and the z-
axis is the table or building platform. The principle is shown below (Fig. 17.2).

material supply

heated nozzel (filament)

layerwise application

II — support structure

building plat-
form

soldified object

Fig. 17.2 The Fused Layer Modeling (FLM) process.

In general all materials used are thermoplastics of which the most common are
ABS, ABSi, PLA, PC, PA, and PPSU. Due to the fast solidification of the molten
material, introduction, and embedding, of sensible and also delicate semi-finished
products is a real possibility. This process has also been further developed at the
Fraunhofer IPA under the name of Pack-FLM (PFLM).

17.1.3 The Term Robot and its Newly Added Additive Components

The Robot Institute of America (RIA) defines the term ,,robot* as a programmable
multi-functional handling tool for moving materials, products, tools, or other spe-
cialty equipment. By allowing for freely programmable movements the robot can
be used in a versatile way. Following this definition, and expanding it by using
additive manufacturing (AM) as well as biomimicry and biomimetics for the de-
sign of products, robotic components were redefined and produced. Some exam-
ples already designed, built, and in use are presented in this chapter and include:

e Integrated functions and functional components
e Soft actuator systems
e  Flexible light-weight covers and embodiments

17.1.4 Integrated Functional Components

With respect to integrating functions and functional components some of the key
characteristics of the FLM process are the relatively low process temperature as
well as the possibility to pause the fabrication process in a defined matter. This
start-stop possibility allows for the previously mentioned PFLM process, and
therefore, the integration of semi-finished objects and sub-components like hard
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metal objects, as well as sensible electronics e.g. sensors. Sensors for instance, can
then also be encapsulated expanding the use cases of these objects. Sensors, as
well as the other example of encapsulating an electroluminescence foil, then rep-
resent added functionality of these objects (Fig. 17.3).

Fig. 17.3 PFLM - integrated electroluminescence (EL) foil inclusive electronics and wiring.
Combination of hard ABS plastic on the outside and flexible foil on the inside.

When selecting a specific material with the integrated component or semi-finished
object in mind it is possible to create a multi-functional object. lonic actuators,
combining actuator and sensory functions in one component, have to be integrated
using a flexible outer skin in order to be able to change shaped in the actuator mo-
dus. Additionally, it is advantageous to coat the delicate sensor. This flexible pro-
tective skin can be applied using the FLM process and the developed thermo-
plastic polyurethane (TPU) in combination.

Having the work environment in mind these flexible and stretchable rubber-like
materials need to be resilient at the same time to even be considered for use. With
these requirements standard off-the-shelf FLM systems are not able to handle the-
se TPU materials. A multilevel specific development for the material supply sys-
tem and a continuous material curing system made it possible to fabricate TPU
parts with the FLM technology. In the current state-of-the-art there are 6 TPU ma-
terials of the Desmopan family ready to be used:

Desmopan 385 S
Desmopan 9873DU
Desmopan 3660DU
Desmopan 3695AU
Desmopan 3360A
Desmopan 3070A

The difference of these TPU materials lies within the technical characteristics as
well as within the various shore-hardness, allowing for a combination of graded
material hardness within one 3D-printed object. Additionally, multi-material ob-
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jects are possible beyond the TPU material combination by combining TPU with
PC for instance. Such a material combination requires object specific calculations
and setups within the virtual 3D-CAD world as well as the use of additives during
the extrusion process of the real fabrication world.

In general the mechanical stability of FLM objects can be safely sat at approx-
imately 80-85% of that of injection molded objects. This can be vastly improved
when utilizing the strengths of additive manufacturing in the design process of ob-
jects and therefore creating objects which are hard or even impossible to be manu-
factured in a conventional way [11, 12].

17.1.5 Soft Actuator Systems

One possibility to generate integrated soft actuators in a defined way, within an
object, is the combination of the design freedom offered by additive manufactur-
ing and the maximization of the material characteristics. These properties of the
material can be utilized to integrate very stiff, and very flexible, areas in one sin-
gle part without any assembly like screwing or gluing. Such structures have been
demonstrated by the Fraunhofer IPA for a few years. One example is the reinter-
pretation of the Golem project by Hod Lipson (Fig. 17.4) with a bellow as actuator
combined with a solid framework and tube system for the compressed air, all built
as a single piece.

Fig. 17.4 Autonomous robot system with flexible and solid areas built in one single piece. The
flexible zones is the bellow which is powered by a small air-pump.

The technology used is Selective Laser Sintering (SLS) and its model material
Polyamide (PA) 12. This combination allows for very thin walls, which are semi-
elastic. This development was also applied at the mentioned Bionische Handlin-
gassistent (BHA) in cooperation with the Festo AG. The setup consists of up to 12
individual air chambers equipped with compressed air regulators as well as rope
sensors in order to automatically control the movements. A mathematical model



203

was used to predefine the position of the BHA in space by converting the Carte-
sian coordinates into joint coordinates of the BHA. The expansion and contraction
of the individual air chambers is then responsible of the actual movement and
therefore position in space.

One application for this setup is the film industry. The requirements of a film
team were divided into the main functional groups: movement, camera, recording,
sound combination, and assembly. The most important aspects of the movement
are a controlled and soft movement, upscaling of the system of up to 3 m, and an
intuitive human-machine-interaction. The result of this development is the Cam-
Bot (Fig. 17.5).

Fig. 17.5 Interactive CamBot with soft-actuator made of PA 12 (SLS).

The CamBot is equipped with a GoPro HD camera and can be used in direct prox-
imity to humans due to its 3D-printed soft-actuators. By combining the CamBot
with a Microsoft Kinect-Sensor the system can be used as an interactive system to
communicate and react to human actions. One challenge in this constellation is the
noise level of a conventional compressor system. This is solved by using gas cyl-
inders [1].

Another option of producing, and using, soft-actuators is by using the FLM
technology and a material combination as already mentioned above. An example
is the development of the octopus siphon actuator (OSA). The goal was to mimic
nature, in this case an octopus, in order to create a new silent underwater propul-
sion system. This development was only possible through the parallel work of de-
veloping TPU materials for the FLM technology. The combination of additive
manufacturing with biology and engineering was the only way to truly mimic na-
ture. The movement of the biological octopus, without ground contact, is achieved
by contracting muscles of a syphon which then in turn expels the sea water in a
jetting matter. This rebound effect allows for the octopus to move in the desired
direction. The octopus can also contract the funnel, at will, to accelerate and steer
at different speeds.
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Using a biomimetic top-down-development process, the octopus principle was
analyzed and abstracted to be technically reproduced. The first prototype consisted
of four OSA soft-actuators made of Desmopan 385 and being attached to a sup-
port structure containing the required mechanical components like hydraulic cyl-
inders etc. The funnel, as well as the water intake system, was fabricated using
Macrolon, a polycarbonate (PC) material (Fig. 17.7). The OSA was constructed of
an outer shell and inner rope kinematics, all printed by the same fabrication pro-
cess (Fig. 17.6).

Fig. 17.6 Illustration of the inner structure of the OSA.

The retraction of the OSA is passive, and therefore, material specific, allowing for
the OSA to be refilled with water in order to start the cycle again. Due to this set-
up the OSA is expected to be suitable for all sea level depths as well providing
some ground work for possible underwater soft robots [8, 9, 10].

Fig. 17.7 FLM printed OSA with integrated hydraulic system.
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17.1.6 Fabrication of Soft Objects Including Endless Fibers

Matrix-composites are used more and more widely across all industrial branches
with aerospace, energy harvesting, and automotive being in the forefront with the
goal of achieving significant weight reduction. The same focus is also found in the
automation and machine building sectors or the medical application industry, e.g.
prostheses. Matrix-composites offer, amongst other advantages, a good weight to
function ratio.

Additive manufacturing and matrix-composites and their manufacturing pro-
cesses have, at first glance, very little in common. One reason for this is the partial
incompatibility of the two. In order to overcome this issue, and expand the addi-
tive manufacturing capabilities even further, the idea of the 3D Fiber Print (3DFR)
was born at Fraunhofer IPA. The 3D Fiber Printer is the integration of endless fi-
bers within the thermoplastic material during the build process of FLM thus result-
ing in an additive manufactured matrix-composite object. The specification in-
volves the typical characteristics of additive manufactured products, being a layer-
wise build up. In order to fabricate such an object a, patent pending, print head
was developed which is constructed in a way which facilitates the right mix-ratio
of fibers to thermoplastic material by guiding the fibers or fiber packs through the
nozzle to coat the fibers with the respective material. The principle is similar to
that of the water-jet pump. The molten thermoplastic material is forming a compo-
site with the introduced fibers and carries them through the remainder of the noz-
zle (Fig. 17.8).

Fig. 17.8 1st print test 3D Fibre Printer using a 3K carbon-roving and TPU matrix.

Expanding the typical 3-axis system setup of the FLM process, a 6-axis robot can
be used. The robot requires CNC capabilities, and specialty programming com-
mands, in order to function as a 3D-printer. The Fraunhofer IPA implementation is
shown below (Fig. 17.9).



206

Fig. 17.9 FLM based robotic system: 3D Fibre Printer with build volume of 2m x Im x Im.

This setup allows for several advantages, like an excellent scalability with regards
to object size, a utilization of more than 3-axis, material combination, or using
several materials in the same setup via print head quantity.

The first test run was completed using a 3K carbon fiber-roving in combination
with also newly developed polyurethane (TPU) of the Desmopan family 385 S
(Fig. 17.10).

o). 3ES S MATEIX
AN Y AR T300 [/ ALK (66, feye
421/45 (d"l/&

Fig. 17.10 ISO test object made of 1K carbon-fiber-roving and Desmopan 385 S, nozzle exit di-
ameter lmm (X,y resolution).

The fiber to thermoplastic ratio is currently at approx. 10% for a 1K carbon-fiber-
roving. Due to the specific design of the nozzle it is possible to integrate the fibers
where required within the object. This accounts not only for an optimized utiliza-
tion of the fibers following, for example, an FEA (Finite Elements Analysis) —
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where the strength needed, and how much, can be determined, and determine the
maximum economic, and ecological, utilization of the fibers.

Combining the fiber implementation process with thermoplastic polyurethane
(TPU) creates a very interesting combination between a very strong, and stiff, ma-
terial and a very flexible material. The potential use within the physical machine
composition of soft robotics becomes now a very real and promising future appli-
cation. In addition to the mechanical advantages further advantages could be real-
ized, like sending electrical current or data through [3, 4, 5, 6, 7].

17.2 Discussion and Outlook

Selecting the right manufacturing method and the right material combination as
well as applying a new design philosophy, focusing on a “no limits approach”,
soft robotics can be developed into a new way of robotic appearance and applica-
tion. The safe use in close proximity to humans will enable new human-machine-
interactions and use cases beyond the service field. In addition, new develop-
ments, like the combination of materials or the integration of objects, will increase
their functionality while decreasing the complexity of the assembly system. Using
additive manufacturing also allows for a production of components, or robots, as
well as their replacement parts on-demand and on-site, potentially increasing the
OEE and use time of a robot.

Weight reduction (potentially up to 40%) results in more load capacity, longer
use times when run on autonomous energy supplies, and a reduced risk of injury
to humans.

Summarizing these benefits; the manufacturing of complex robotic systems,
which consist of hard and soft components, integrated sensors, electronics and
functions and complex shapes, allow the best performance and are currently pos-
sible to manufacture. For a standardization process, however, further development
work is however needed in the areas of:

Accuracy

Speed

Material selection
Part size

Training of engineers

in order to fully realize their potential.
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18 Soft Hands for Reliable Grasping Strategies

Raphael Deimel and Oliver Brock

Technische Universitit Berlin

Abstract Recent insights into human grasping show that humans exploit con-
straints to reduce uncertainty and reject disturbances during grasping. We propose
to transfer this principle to robots and build robust and reliable grasping strategies
from interactions with environmental constraints. To make implementation easy,
hand hardware has to provide compliance, low inertia, low reaction delays and ro-
bustness to collision. Pneumatic continuum actuators such as PneuFlex actuators
provide these properties. Additionally they are easy to customize and cheap to
manufacture. We present an anthropomorphic hand built with PneuFlex actuators
and demonstrate the ease of implementing a robust multi-stage grasping strategy
relying on environmental constraints.

18.1 Introduction

Humans are very proficient graspers. In fact, humans grasp so reliably and robust-
ly that experimenters usually assess grasp difficulty by execution speed instead of
error rate. For autonomous robots, on the other hand, comparably robust and relia-
ble grasping and manipulation remains an open challenge, despite established the-
ories for assessing the quality of a grasp [15,9]. Recent studies of human grasping
indicate a plausible reason for the difference in human and robot performance
Deimel and Brock [7] and Kazemi et al. [12] showed that humans interact more
with the environment if their vision is impaired (occluded or blurred). To maintain
grasp reliability, humans seek contact to counteract uncertainty. We believe that
they use available constraints to guide the motion of their hands and fingers to
make the execution reliable and robust. The interactions can be terminated by
sensing simple events, such as a stop of motion, or sensing contact. By concatenat-
ing those interactions, humans can draw from a rich repertoire of reliable grasping
strategies for each situation. Our hypothesis shares many ideas with sensorless
manipulation proposed by Mason and Erdmann [8,13], indeed our hypothesis can
be seen as a continuation of this work.

To be able to transfer the principle of exploiting constraints successfully to ro-
bots, the hardware needs to facilitate easy implementation. Accurately enacting
joints torques or angles is less important than making collisions simple, stable, fast
and safe. While classical hand designs (see Controzzi et al. [3] for an overview)
can provide the required behavior to some degree, hands such as the Pisa/IIT Soft

A. Verl et al. (eds.), Soft Robotics, DOI 10.1007/978-3-662-44506-8_18,
© Springer-Verlag Berlin Heidelberg 2015
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Hand [2], or the iHY hand [14] are suited much better to this task. These hands
provide desirable features with elastomer based or dislocatable joints, but are oth-
erwise based on rigid links. The earliest gripper design with a large number of
compliant joints is the soft gripper by Hirose and Umetani [10], which was able to
grasp prismatic objects with widely varying shapes. With the RBO Hand [4] and
its successor RBO Hand 2 [5], we go one step further and investigate the opportu-
nities and limits of a literally soft hand. To explore the design space, we developed
a method for creating customizable, soft continuum actuators, inspired by the
work of Ilievski et al. [11]. The positive pressure gripper [1] uses a balloon filled
with granular material to provide ultimate adaptability to object shape, but its ho-
mogeneous structure limits the availability of diverse grasping strategies.

In the following section we will present a selection of interactions that can be
used as building blocks for constraint exploiting grasping strategies. From those
interactions we will extract desired hardware features that simplify their imple-
mentation and present the PneuFlex actuators and the RBO Hand 2 that realizes
these features. We will demonstrate the feasibility of our approach by implement-
ing an example grasping strategy using the RBO Hand 2.

18.2 Exploiting Constraints

Our main hypothesis is that competent grasping and manipulation is enabled by
actions that exploit the ability of environmental constraints to reduce uncertainty
about certain state variables, specifically those that are relevant for the success of
subsequent manipulation actions. For example, contact with a surface can reduce
uncertainty about distances and orientations between two or more objects. This
enables us to execute sequences of actions with a reliable outcome. In many typi-
cal situations, the table surface provides such a constraint. The actions that exploit
constraints relate to interactions between hand, object and environmental con-
straints. Hand morphology and end effector control also determine which interac-
tions are possible. Therefore, hand design should be guided by a description of de-
sirable actions on commonly encountered constraints and should facilitate easy
implementation of control. We will now present three examples of interactions be-
tween hand, constraint and object to grasp. As we will see in the subsequent sec-
tions, implementing control of these interactions is easy with a soft, compliant
hand.

Compliant Collision with a Surface
The first interaction we consider is to collide with a surface (see Figure 18.1). The

collision path can e.g. be guided by visual servoing. This interaction makes the
distance between the two colliding objects very certain. To be able to implement
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this interaction easily, the hand must limit impact forces and be able to react to
disturbances quickly.

In a special case, the object to grasp itself provides the constraining surface.
Compliant actuation of each joint then makes it easy to establish many contact
points on the object and to balance contact forces to achieve a grasp [4,5,7].

ALh

Fig. 18.1 Two objects can be positioned relative to each other by using compliant collision

The second interaction we consider is to slide fingers and object along a surface
and is shown in Fig. 18.2. This interaction fixates motion along the surface normal
and rotation out of plane, which in turn simplifies the control of finger position
and hence object position. For most reliable execution, the fingers should always
stay in contact with the constraint during the sliding motion.

Fig. 18.2 Staying in contact simplifies motion control

The third interaction we consider is closing a cage around an object that was pre-
viously formed with the hand and a surface (see Fig. 18.3). By sliding the contacts
between surface and fingertips, the cage gets smaller while at the same time an
enclosed object cannot escape the cage. That effectively reduces the uncertainty
about object location. For maintaining the cage, the fingers should continuously
stay in contact with the surface. Additionally, the cage itself can also reject dis-
turbances that concurrent manipulation, such as sliding, may introduce otherwise.
This makes caging a very useful interaction in a grasping strategy.

Fig. 18.3 Reducing uncertainty by closing a cage
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The list of possible constraint exploiting interactions here is not comprehensive.
Grasping strategies may also include intermittent servoing to be able to concate-
nate interactions, but should be avoided as they lower reliability of execution.

18.3 Requirements to Hardware

Guidance by constraints — which was explained in the previous section — can be
used to reject uncertainties from perception and reject anticipated disturbances
arising from actuation. In the best case, this results in a fixed sequence of interac-
tions that yields a predictable outcome in many situations. While better perception
reduces uncertainty about the state of the world too, using constraints also simpli-
fies planning. A planner that constructs these strategies will greatly benefit from a
large and diverse set of interactions to choose from, therefore manipulator hard-
ware should facilitate as many different interactions as possible. Additionally, this
approach frees up perceptual resources for other tasks. From this problem descrip-
tion, we can extract a set of goals for hand design:

Low Inertia

Movable parts of the robot should exhibit a low apparent inertia. It enables reac-
tion to fast changes in contact location and limits the energy transferred upon im-
pact. The former makes it easy to maintain contact, while the latter limits the in-
crease of uncertainty to position and orientation of the contacted object.

No Reaction Delay

Actuation should provide a very low time delay for reactive motion to stay com-
pliant during fast disturbances. This requirement is especially difficult to achieve
when actively controlling compliance, e.g. with geared electric motors.

Robustness to Arbitrary Collisions

The hardware has to be robust against arbitrary collisions. The robot needs to con-
tact objects of unknown shape and position frequently and quickly, without having
full or accurate knowledge of the world. Errors will happen, and therefore unex-
pected collisions will occur. A suitable hardware will tolerate these collisions and
not break. Robustness can be accomplished by providing compliance in every di-
rection and about many rotation axes.
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Safe for the Environment

To a lesser extent, it is also desirable for the manipulator to generally not break or
injure objects. If safety to the environment can be ensured by passive, mechanical
means, more actions can be tried without risking catastrophic damage. This re-
quirement also facilitates autonomous learning.

18.4 PneuFlex Actuators

To build literally soft hands, we developed a process to create customizable, me-
chanically compliant, and pneumatically actuated continuum actuators. An exam-
ple actuator is shown in Fig. 18.4. These so called PneuFlex actuators bend with
an approximately constant ratio of curvature per pressure [4], and have a fixed
stiffness.

The actuator is made of silicone rubber and forms a closed air chamber. A thin
silicone tube is inserted into the actuator at a convenient position to inflate and de-
flate the actuator. The actuator is restricted from expanding radially by the thread
wound helically around it. Additionally, the bottom side of the actuator embeds a
flexible mesh, making it inextensible. Polyester (PET) is used as the fiber material
throughout, as it is readily available and easy to handle. The manufacturing meth-
od is openly documented’ to facilitate reuse and application by independent re-
search.

Fig. 18.4 A PneuFlex actuator in deflated and inflated state, and a cross section of an actuator
used as a finger, revealing its inner structure

? http://www.robotics.tu-berlin.de/index.php?id=pneuflex_tutorial
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The actuation ratio (curvature with respect to applied pressure) and actuator stiff-
ness (change of curvature with respect to change of moment) can be customized
with the cross section geometry. PneuFlex actuators are manufactured using print-
ed molds, which greatly simplifies customizing and replicating actuators. The re-
quired materials are cheap, encouraging a Rapid Prototyping work flow for ex-
ploring design space.

The PneuFlex actuators enable us to build hands that have the properties we re-
quire for exploiting constraints. The actuation method ensures very low inertia,
which is complemented by local deformation of the rubber body. The fingers pro-
vide high quality compliant actuation, and are able to comply to collision forces
from any direction. The rubber used (SmoothOn DragonSkin brand) offers high
tear strength and large strains, making it very robust. The attainable contact pres-
sures are limited, which makes the hand passively safe for direct interaction with
humans.

18.5 Anthropomorphic Soft Hand Prototype

The RBO Hand 2 (see Fig. 18.5) is the latest in a series of experimental prototypes
and the first anthropomorphic soft hand and is capable of diverse grasp postures
[5]. The hand is built from seven actuators, five for each finger including thumb,
and two forming the palm and providing a dexterous thumb. The compliance and
robustness of its PneuFlex actuators is complemented by the flexible polyamide
scaffold (see Fig. 18.6). The design avoids stiff structures where collisions are
probable while providing a rigid connection to the wrist of a conventional robot
arm. The individual struts are stabilized by a flexible palmar sheet connecting the
fingers and palm actuators. As the scaffold is manufactured with selective laser
sintering, we can also easily integrate other function such as structures to distrib-
ute air from control channels to individual actuators. The pervasive compliance,
robustness to collision and limited contact pressures of the RBO Hand 2 make
contact with constraints easy to control.
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Fig. 18.5 First prototype of a soft, anthropomorphic hand for exploring the capabilities of soft
hands

Fig. 18.6 Top and side view of the printed polyamide scaffold

18.6 Example Implementation of a Grasping Strategy

To demonstrate the simplicity of implementing interactions with constraints using
the RBO Hand 2, we explain the creation of an example grasping strategy. Fig.
18.7 shows the execution of a strategy we will refer to as slide-to-wall-grasp. The
implementation uses an RBO Hand 2 and a Meka robot arm. The environment
provides a horizontal surface and a wall whose inclination can be modified. First,
the robot moves the hand until the fingertips contact the table surface. It then
slides the fingers across the horizontal surface towards the corner. In the corner,
the robot rotates the fingers around their tips and slides them under the object to
grasp. After that, the hand again is rotated around the fingertips while slightly
flexing the fingers to cage the object against the wall, and to bring the fingers into
the position for the final step: The object is grasped by flexing the fingers while
dragging them upwards along the wall.
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Fig. 18.7 Slide-to-wall grasping strategy

Fig. 18.8 shows the probability of success when picking a cylinder with 22 mm
diameter. The experiment tested at 40°, 45°, 50°, 60°, 70°, 80°, 85°, and 90° wall
inclination. Angles were first tested in 10° increments, intermediate angles where
success changes rapidly were tested additionally to increase resolution. The wall
inclination was varied from the initial configuration of 60°, each angle was tested
10 times. The grasp reliably works at 60°, but the strategy still succeeds when de-
viating up to 15°. This result indicates robustness against variation in the envi-
ronment, which is a stated goal of the grasping strategy.

1.0
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Wall angle deviation(®)

Fig. 18.8 Data indicating the robustness of the grasping strategy with respect to changes of the
environment

18.7 Used Interactions

The grasping strategy uses several interactions at various phases to reduce uncer-
tainty or reject disturbances. Here, we will restrict ourselves to analyzing an ex-
ample for each of the interactions explained in a previous section.

Fig. 18.9 shows the hand sliding along the table surface. In the first phase (first
two images), the compliant fingertips are used to contact the horizontal table sur-
face. As the fingertips are compliant, the arm does not need to stop in an accurate
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position. Also, approach direction is not critical, as long as it is well within the
friction cone of the finger contact. The collision can be done relatively quickly
too, as the arm's inertia is decoupled from the contact by the compliant, soft fin-
gers. This makes implementation of this interaction simple.

For reliably sliding small objects across the table, as illustrated by third and
fourth image in Fig. 18.9, we have to ensure that the fingertips move as low as
possible, which can be done by keeping them in contact with the table. This is ac-
complished by the compliant fingers and greatly reduces the accuracy require-
ments for the wrist trajectory compared to a hand with few or stiff joints.

Fig. 18.9 Using the flat surface to vertically align fingertips prior to and during sliding a cylinder
into the corner

Closing of a cage is done in the final stage of the grasp, where the object is first
caged against the wall (see Fig. 18.10). The cage ensures that the cylinder reliably
ends up between palm and closing fingers, while at the same time it also rejects
disturbances in the cylinder's orientation that are caused by not grasping it at ex-
actly its center of mass. The compliance of the fingers — and the palm — is enough
to handle a deviation of wall inclination of at least 15°, as shown in the experi-
mental results in Fig. 10.8. Accurate knowledge of wall orientation is therefore not
necessary for reliable execution.

Fig. 18.10 Caging during of the slide-to-wall grasp strategy.

The example shows that constraints can be used for creating robust, multi-stage
grasping strategies, and that the interactions can readily be implemented with sim-
ple joint controllers of limited accuracy when errors are compensated by the com-
pliant end effector.
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18.8 Limitations

Soft Robotics turns out to be a well suited technology to implement grasping strat-
egies that utilize the environment. It is difficult today though, to create soft mech-
anisms that are as sophisticated as conventional rigid-bodied robots. This is due to
the lack of established best practices for integration and off-the-shelf solutions for
sensing, actuation, control, and modeling. The missing integration of sensing and
actuation is especially unfortunate because soft structures may provide several of
these function at once and this size and cost advantage is currently is not exploited
to its full potential. Pneumatics are also more difficult to use for controlling forces
than electromechanical systems. This is a severe restriction for many applications,
but we believe that the ease of creating interactions with reliable outcomes out-
weighs this disadvantage for hands. A current limitation of PneuFlex actuators is
their fixed stiffness, which indirectly limits the attainable strength of a grasp: The
actuators can easily be made stronger, but they would simultaneously get less
compliant too. Therefore, hand design would benefit from an actuator with varia-
ble stiffness. Finally, needles and sharp edges are able to damage the actuator.
This disadvantage could be remedied by using cut-resistant gloves, or by follow-
ing work safety rules designed for human manipulators. Also, the robot currently
does not adapt grasping strategies or plan new ones to accommodate for a large
variety of situations. Integration of a suitable perception, representation and plan-
ning with the actuation principle is an open issue requiring further research.

18.9 Discussion

Recent research on human grasping indicates that humans intentionally exploit
environmental constraints, and that they do this to improve robustness and reliabil-
ity of grasping under uncertainty and disturbance. We attempt to implement this
principle on robots too, and for this we analyzed three example interactions that
exploit constraints and can serve as components of robust example grasping strat-
egies. These interactions were then used to formulate several beneficial design
goals for hand hardware: low inertia, no reaction delay, robustness to arbitrary col-
lisions, and safety to the environment. Soft Robotics technology offers these prop-
erties as we demonstrated by building the RBO Hand 2 and implementing a grasp-
ing strategy with it. In turn, grasping seems to be a promising reference
application to drive the development of Soft Robotics, as it strongly benefits from
compliance and many passive joints. The manufacturing process developed to rap-
idly prototype soft hands may also help in other research areas.
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19 Task-specific Design of Tubular Continuum Robots for
Surgical Applications

Jessica Burgner-Kahrs

Leibniz University Hannover

Abstract Tubular continuum robots are the smallest among continuum robots.
They are composed of multiple, precurved, superelastic tubes. The design space
for tubular continuum robots is infinite: each one of the component tubes can be
individually parameterized in terms of its length, segmental curvatures, diameter,
and material properties. Ad-hoc selection of those parameters is extremely chal-
lenging, since the elastic coupling of concentrically arranged and actuated tubes is
hard to predict with common sense, especially under the presence of workspace
constraints. In this chapter, an overview of the design process is given and the cur-
rent state of the art in task-specific design of tubular continuum robots is re-
viewed.

19.1 Introduction

Continuum robots do not consist of discrete joints when compared to conventional
robot types, such as rigid-link serial or parallel manipulators. They are character-
ized by a curvilinear structure and are inherently flexible. Often, continuum robots
can extend along their structure. A review on continuum robots can be found in
[1]. In the scope of this chapter, we will consider continuum robots with a tubular
structure, which is the smallest type among continuum robots in terms of their di-
ameter.

Concentric tube continuum robots have been first proposed in 2006 from both
[2] and [3]. The kinematic structure of these robots is continuously tubular, i.e.
composed of several, superelastic, precurved tubes that are nested inside of each
other. Actuation is achieved by telescoping the tubes, thus each tube can be con-
trolled with two degrees of freedom: translation and rotation at its base. Elastic in-
teraction of the tubes causes them to bend and twist, which results in a continuous
curvilinear manipulator as a net result. An overview of the historical development
of this category of continuum robots and a summary of the state of the art can be
found in [4].

The inherent flexibility of a tubular continuum robot and its small size (supere-
lastic tubes are available with diameters down to tenths of a millimeter) make
them favorable for surgical applications in constrained environments. As of now,
tubular continuum robots have been exclusively considered for surgical applica-

A. Verl et al. (eds.), Soft Robotics, DOI 10.1007/978-3-662-44506-8_19,
© Springer-Verlag Berlin Heidelberg 2015
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tions, mainly for transnasal surgery [5], cardiac surgery [6], and neurosurgery [7].
In the medical domain, tubular continuum robots can be applied as manipulators -
either teleoperated or operated (semi-) automatically - through natural orifices or
small incisions, or as steerable needles within tissue applied percutaneously.

The design space for tubular continuum robots is infinite: each component tube
can be individually parameterized in terms of its length, segmental curvatures, di-
ameter, and material properties. Ad-hoc selection of those parameters is extremely
challenging, since the elastic coupling of concentrically arranged and actuated
tubes, especially under the presence of workspace constraints is hard to predict
with common sense. This motivated the development of design heuristics and
computational optimization methods in recent years, which are reviewed in the
following.

19.2 Continuum Robots with Tubular Structure

19.2.1 Kinematic Structure

Continuum robots with a tubular kinematic structure are composed of multiple
precurved, superelastic, and concentric tubes. By telescoping all component tubes,
i.e. translating and rotating each tube at its base, and by constraining the tubes at
an outlet with equaling diameter to the outermost tube, a tentacle-like overall ma-
nipulator motion is generated. The tubes interact elastically and conform to a
common, curvilinear, continuous shape. Fig. 19.1 illustrates the kinematic struc-
ture and actuation principle of a tubular continuum robot composed of three tubes.

(‘ actuation 1 manipulator

|
—
| —

|
1
constrained

outlet

Fig. 19.1 Continuum robot with a tubular structure.

19.2.2 Kinematic Modelling

State of the art kinematic modelling applies Cosserat rod theory to each compo-
nent tube as a continuum undergoing bending and torsion [8, 9]. Each tube is ex-
pressed by a Cosserat equation. Concentricity with all other tubes is enforced by
requiring conformation to the same curvature as a function of arc-length. The
tubes are left free to rotate axially with respect to one another. Boundary condi-
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tions for the resulting set of ordinary differential equations are the axial angles of
the tubes at the constrained outlet and the vanishing internal moments at the tip.
Integration along the tubes determines the space curve describing the robot. The
model considers external loads applied to the robot structure [10, 9]. Further, the
manipulator’s Jacobian and compliance matrix can be determined [11], e.g. to al-
low for differential kinematic mapping [5, 12].

19.2.3 Component Tube Parameters

The characteristics of a tubular continuum robot are dependent on the number and
composition of its tubes. Each tube can be parameterized by its properties:

Length

Diameter

Wall thickness

Segmental precurvature, and
Material.

The individual tube parameters are deciding factors for the resulting manipulator
in terms of its workspace, dexterity and manipulability, workload, stiffness etc.
Usually tubular continuum robots are made from nitinol, a superelastic shape-
memory alloy from nickel and titanium. The shape-memory property of nitinol al-
lows to prebend a tube into segmental, arbitrary curvatures. Given the number of
parameters per tube, the composition of multiple, individually parameterized tubes
into a tubular manipulator, and the elastic interaction of all tubes during actuation,
makes the design space for a tubular continuum robot diverse.

19.3 Task-specific Design

The task-specific design process is illustrated in Fig. 19.2. Surgical applications
imply that the robot has to perform certain task(s) under the anatomical and patho-
logical constrains which are individual for each patient. Thus, the surgical applica-
tion imposes requirements onto the tube selection, tube prebending, and tubular
manipulator. Further, the tube selection imposes constraints on the tube
prebending, e.g. the recoverable strain defines the maximum curvature of a tube.
Specifications on the tubular manipulator also influence tube prebending and tube
selection. Hence, tube selection, tube prebending, and the tubular manipulator are
interdependent.

The tubular continuum robot structure allows the component tubes to be dis-
posable, individually parameterized for a specific patient and surgical application,
while the actuation mechanism can be reused. This allows for task- and patient-
specific tubular continuum manipulator design. Here, we only consider the design
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of tubular continuum robots in terms of their tube properties and composition. Re-
search in the scope of tube actuation and end-effector design is summarized in [4].

Surgical Application

task
individual anatomy
individual pathology

J

Tube Selection Tube Prebending Tubular Manipulator
Y
3 ’
e , P
X ——>5 o o
’ =Y
length
diameter workspace
wall thickness segmental dexterity, manipulability
material curvature work load

Fig. 19.2 The surgical application imposes constraints and requirements onto the design of tubu-
lar manipulators.

19.3.1 Design Heuristics

Along with proposing the general idea of tubular continuum robots, Webster et al.
[2] and Sears and Dupont [3] provided tube parameter selection recommendations.
For instance, tube curvatures are constrained by the material properties, i.e. the re-
coverable strain limit for superelastic materials. The maximum precurvature for a
single tube such that it can fully straightened without plastic deformation is

K‘—L (1)
_D(1+£) '

where x is the tube curvature, ¢ is the material strain, and D the diameter of the
tube.

Dupont et al. proposed a design strategy, which distinguishes two desirable
types of a manipulator [8]: The first type with the ability to move the tip of the
manipulator without motion of the shaft, and the second type with the ability to
maneuver through narrow curved environments without exerting high forces to the
tissue. Dupont et al. suggests a design heuristic with four rules [8]:
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e Telescoping Dominant Stiffness:
Each tube should be selected such that their stiffness dominates all tubes ex-
tending from it.

¢ Fixed and Variable Curvature Sections:
Each telescoping section is either a dominating (fixed curvature, if the outer
tube dominates all inner tubes) or balanced (variable curvature, if the outer tube
pair dominates all inner tubes) tube pair.

e Piecewise-Constant Tube Precurvatures:
Extension of the tubes must proceed from the outer tube to the most inner tube
to avoid lateral motion. Tubes should be prebend into one constant curvature.

e Increasing Curvatures from Base to Tip:
Curvatures should increase form the outer to the most inner tube.

Limitations of these design rules lie in the idealization of the telescoping pre-
curved, superelastic tubes principle. Dominant stiffness tube pairs are intuitively
appealing and practical for some applications, but the heuristic is not generaliza-
ble. Especially, since the number of tube pairs is not infinite when regarding fea-
sible actuation mechanisms. In fact, all existing tubular continuum robot proto-
types today utilize designs with two to four tubes, whereas three tubes are most
common.

While the heuristic differentiates between two desirable types of manipulators,
ad-hoc selection of tube parameters is almost impossible when specific require-
ments on the tubular continuum robot are imposed. The diverse design space for
the component tubes motivated the development of computational design optimi-
zation methods.

19.4 Computational Design Optimization

Anor et al. proposed the first tube design optimization method, which ensures the
reachability of a discrete set of target positions by a tubular manipulator [13]. This
method simplifies the manipulator kinematics to a pure geometric model such that
the tubes are considered as constant curvature arcs (i.e. no mechanics based mod-
el). Given a discrete number of desired target positions, the pattern search optimi-
zation algorithm determines a sequence of constant curvature arcs, specified by
their length and curvature, which guarantee reachability. The methodology has
been applied to a neurosurgical scenario which requires reaching of specific posi-
tions within the ventricles [13].

Bedell et al. proposed a computational design method which finds tube parame-
ters to explicitly reach discrete poses [14]. The design space is reduced to those
component tubes with constant circular curvature. Bedell et al. use a kinematic
model which neglects torsional compliance [8]. A generalized pattern search algo-
rithm is applied to minimize an objective function, which evaluates the reachabil-
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ity of the target poses within the given anatomical constraints by a set of compo-
nent tubes. Anatomical constraints are represented as a surface model in which
boundaries the manipulator has to reach the target poses. Application of this
method has been cardiac surgery [14].

Torres et al. introduced a task-based design method that searches for a set of
component tubes that enables a collision-free path to a desired region [15]. The
method combines random exploration of the design space with a sampling based
motion planner in the robot’s configuration space using rapidly exploring random
trees. The used kinematic model takes torsional compliance into account [16], but
since collision free paths are desired, external forces and moments acting on the
robot are not considered. A lung application has been considered where deploy-
ment of the robot through the bronchi is required. In this scenario the number of
tubes has been restricted to three tubes with an initial straight section followed by
a precurved section with constant circular curvature [15].

Burgner et al. proposed a computational design optimization algorithm which
determines the optimal set of tubes with the objective to fully cover a predefined
working volume [17]. The desired surgical working volume is specified using
combinations of geometric primitives, such as spheres, cones, cylinders, and ellip-
ses. This allows the surgeon to define the respective parameters, such as height,
diameter, and length of those geometric primitives, upfront in medical images of
the patient. Fig. 19.3 illustrates the surgical workspace required for transnasal
skull base surgery and its approximation by an ellipse to describe the tumor and
the frustum of a cone to represent the access through the sphenoid sinus. The ob-
jective function which is minimized using the Nelder-Mead simplex algorithm,
determines the percentage of the surgical volume which cannot be reached by a set
of component tubes.

Fig. 19.3 The desired surgical workspace in transnasal skull base surgery (left) can be described
using geometric primitives (right).
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To reduce the complexity of the tube design space, Burgner et al. only considers
manipulators made of three component tubes, with each tube having an initial
straight section followed by a precurved section with circular constant curvature
[17]. The kinematic model used is the state of the art model described earlier [9].
The volume-based objective function has been applied to transnasal skull-base
surgery [17] and neurosurgery [7]. The volumetric representation has further mo-
tivated efficient workspace computation methods [18]. These four computational
design algorithms have in common, that they seek in optimizing the component
tubes of a tubular manipulator in regard of one objective: Either to reach a discrete
set of positions required by the surgical application, to reach a defined region, or
to cover a desired surgical volume.

While the earlier approaches by Anor et al. [13] and Bedell et al. [14] used
simplified kinematic models and reduced the computation expense, Torres et al.
[15] and Burgner et al. [17] used state of the art kinematic models. Hence, the re-
sults of their methods ensure feasibility for real tubular continuum robots.

19.5 Discussion and Outlook

Selecting the parameters of component tubes for tubular manipulators for a specif-
ic task is challenging. The design space is diverse, such that heuristics on the tube
precurvatures and composition are useful, but yet ad-hoc selection of tube parame-
ters is almost impossible. Burgner et al. have shown that tube parameters selected
by experienced engineers for a particular surgical application did in fact cover the
desired surgical workspace only by 25% [17].

The design algorithms proposed so far indicate the effectiveness of optimiza-
tion methods for task-based criteria such as reachability of poses or volume cover-
age. The results of the design algorithms confirm that increasing curvatures from
the most outer to the innermost tube are more efficient, as Dupont et al. proposed
in their design heuristics [8].

However, existing design optimization methods do only consider a small subset
of the design space. The tube curvatures are restricted to constant curvatures of the
curved sections. Further the number of component tubes, tube diameters, and wall
thickness, as well as tube material are defined a-priori. The main reason for the re-
duction of the design space complexity is computation time. Future component
tube design algorithms should explore the full extent of the design space, by ap-
plying efficient optimization techniques and high-performance computing.

Ultimately, exploration of the full design space for tubular continuum robots
will enable task-specific optimal manipulators not only in terms of pose reachabil-
ity or surgical workspace coverage. By introducing multi-objective optimization
methods, multiple task-specific design requirements can be considered, such as
robot stiffness, manipulability at the surgical point of interest, or optimal motion
paths by minimizing energy bifurcations.
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As of today, task-specific design optimization for tubular continuum robots
cannot be regarded as a solved problem. However, the proposed objective func-
tions will be part of future multi-objective design optimization methods.
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20 Soft Robotics with Variable Stiffness Actuators: Tough
Robots for Soft Human Robot Interaction

Sebastian Wolf, Thomas Bahls, Maxime Chalon, Werner Friedl, Markus
Grebenstein, Hannes Hoppner, Markus Kiihne*, Dominic Lakatos, Nico
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Weitschat and Alin Albu-Schéffer
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Abstract Robots that are not only robust, dynamic, and gentle in the human ro-
bot interaction, but are also able to perform precise and repeatable movements,
need accurate dynamics modeling and a high-performance closed-loop control. As
a technological basis we propose robots with intrinsically compliant joints, a stiff
link structure, and a soft shell. The flexible joints are driven by Variable Stiffness
Actuators (VSA) with a mechanical spring coupling between the motor and the ac-
tuator output and the ability to change the mechanical stiffness of the spring cou-
pling. Several model based and model free control approaches have been devel-
oped for this technology, e.g. Cartesian stiffness control, optimal control,
reactions, reflexes, and cyclic motion control.

20.1 Introduction

Robots interacting with humans in direct physical contact or even acting in place
of a human in given situations are of high interest for current research. Manipulat-
ing objects in direct contact with the human or in unstructured environment likely
results in contacts and collisions that are unpredictable. Furthermore, the desired
robot skills include fine manipulation as well as highly dynamic and powerful
movements. This results in special demands on the robots capabilities:

e Robustness to fast impacts to reduce the risk of robot damage

e Precision for fine manipulation

e Sensitivity for gentle interaction with the environment

e High dynamics for fast and controlled movements

If the intended application demands the combination of the four aspects, namely to
be robust, precise, sensitive, and dynamic at the same time, robots with stiff struc-
tures and stiff drive-trains come to their limits. Robots with stiff structure, but in-
herent compliance in the drive-train, promise to overcome the restrictions of clas-
sical stiff robots, being able to combine the four required aspects. The technology
of compliant actuators has been intensively investigated in the last decade, which

A. Verl et al. (eds.), Soft Robotics, DOI 10.1007/978-3-662-44506-8_20,
© Springer-Verlag Berlin Heidelberg 2015
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gained a great variety of implementations [1]. It can be distinguished between a
Variable Impedance Actuator (VIA) with physical variable stiffness and damping,
a Variable Stiffness Actuator (VSA) with physical variable stiffness, and a Varia-
ble Damping Actuator (VDA) with physical variable damping only.

This article will first introduce the concept of compliant actuation on the exam-
ple of the DLR Hand Arm System [2]. Then we discuss strategies for control of
the hand, Cartesian stiffness control, and optimal control. Furthermore, we show
reactions and reflexes to protect the hardware and the human, and address cyclic
motion control.

20.2 Compliant Actuation

The concept of soft robotics at DLR is based on stiff link structures and compliant
elements in the actuator drive-train (see one-dimensional model in Fig. 20.1). A
mechanism with a mechanical spring decouples the motor inertia from the output
and the link mass, which makes the actuator more robust and enables energy stor-
age in the spring (see Sec. 20.8, [3], [4], [S]). The difference between motor posi-
tion # and link position ¢ is the passive spring deflection ¢. Joint torques are cal-
culated by position measurement of the passive spring deflection. The joint torque
information is used in control, e.g. impedance control, where the control adds ac-
tive impedance to the passive compliance of the spring mechanism (see Sec.
20.6.2). There is no passive damping element in the current mechanics, so the ac-
tuator types are VSAs. Damping is realized by active control [6], [7]. Most of the
link structure is equipped with flexible and padded covers, which give the robot a
soft tactile touch and reduce local contact forces.

The anthropomorphic DLR Hand Arm System was built as an experimental
platform to evaluate the VSA concept on 3 different types of VSAs [2]. It has a to-
tal of 26 DoF with 7 in the arm and 19 in the hand (Fig. 20.2). The flexibility is
solely located in the actuators, which are connected with stiff aluminum link struc-
tures. The housings are padded with soft foam and textile.

VR

Base —|g |—M0t0r '}‘ Link M
|

VIA " Link & SKin

Fig. 20.1 1-DoF mass model of a Variable Impedance Actuator (VIA), which has physical varia-
ble stiffness and damping, interacting with an external object.
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19 x antagonistic

Fig. 20.2 The DLR Hand Arm System is equipped with 3 different types of Variable Stiffness
Actuators (VSA).

20.2.1 Floating Spring Joint (FSJ)

The mechanical principle of the DLR FSJ (see Fig. 20.3) is a VSA module de-
signed for the first 4 axes of the DLR Hand Arm System [4]. For this purpose, the
joints have to be extremely compact to fit into the arm. At the same time they re-
quire a high power density in order to approximate the human arm skills. The
DLR FSJ is designed to have energy efficient components and low friction. The
potential energy of the spring is used to a maximal extend in order to have a high
energy capacity to weight ratio. The DLR FSJ has one big motor to change the
output position of the actuator and one small motor to change the stiffness preset
of the spring mechanism. In this setup only one motor has to move to change the
link position of the robot.

Harmonic Drive Gear Variable Stiffness

\ | Me(;hani:sm

Joint °
Motor

AN N N N N S NN N NN

Fig. 20.3 Schematic of the DLR FSJ mechanism. [4]
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If the small motor is kept in a fixed position, the actuator behaves like a Serial
Elastic Actuator (SEA). The nonlinear spring mechanism is in series between the
main gear and the output.

The torque is generated by a rotational cam disk and roller system which
transmits the rotational joint deflection to an axial compression of a linear spring.
The shape of the cam disks can be chosen according to the desired torque vs. dis-
placement behavior (see Fig. 20.4). For the DLR Hand Arm System the cam disk
shapes were chosen to have a good capability of stiffness variation under all load

conditions.
, y
i / /

YYD
o=t
y—=

External torque = (Nm)
5 8
NG
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0° 5° 10°
Passive deflection ¢ (deg)

Fig. 20.4 The elastic torque characteristics of the DLR FSJ is parameterized by stiffness setup c.
The stiffness setup is set by the small motor. [4]

20.2.2 Flexible Antagonistic Spring Element (FAS)

The FAS is motivated by the antagonistic arrangement of the human muscular sys-
tem. Herein, two muscles act in opposing directions to the joint. To change the
joint position, the muscles generate asymmetric forces. The stiffness can be varied
by co-contraction of the muscles, which generate internal forces. In order to
change the stiffness by co-contraction, the coupling between joint and muscles has
to be a non-linear spring, for which reason the tendons are exponential spring ele-
ments [8]. In the FAS two motors of equal size are connected to the output by ten-
dons. In the tendon routing, the tendons pass compliantly supported pulleys (see
Fig. 20.5). The pulley located at the spring loaded lever (right pulley) rotates
around the center of the guiding pulley (left pulley). The principle to move or
stiffen the joint is the same as in the biological muscle arrangement [5]. It is de-
picted in Fig. 20.5a) in a low mechanical stiffness due to small a and in Fig.
20.5b) in a high stiffness due to a large a.
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spring pulley  winder

a) soft setup b) stiff setup

Fig. 20.5 Antagonistic drive compliance mechanism (’tan o mechanism”) used for the FAS drive
in a) a low mechanical stiffness, and b) a high stiffness. [5]

20.2.3 Bidirectional Antagonism with Variable Stiffness (BAVS)

The forearm rotation (pronation and supination) and both rotations of the wrist
(radial and ulnar deviation; flexion and extension) are based on the principle of a
Bidirectional Antagonism with Variable Stiffness (BAVS) [9], [10], [11]. A nor-
mal antagonistic mechanism has the drawback that only the power of one motor is
available at the drive side of the joint. With the principle of BAVS we overcome
this drawback by allowing both motors to push and pull and thus to assist each
other in both directions. For this reason we also use the term helping antagonism
(see Fig. 20.6). In the case of equally sized motors and gears, the output torque is
twice the maximum individual motor torque. In the BAVS of the DLR Hand Arm
System each motor is connected to a harmonic drive gear with the circular spline
bedded in a ball bearing instead of fixing it to the base frame. In order to change
the position of the VSA, both motors rotate in the same direction. In order to
change the VSA stiffness, the motors move in the opposite direction, which causes
a pretension in the non-linear springs, but keeps the output position constant. The
non-linear spring characteristic is realized by a linear spring with a non-linear cam
disc mechanism. The cam disks can be easily changed in order to test different
stiffness-deflection relations.

Rest Position Passive Deflection Stiff Setup

Cam Rollers ,-Equilibrium Position ¢ 2

a) Cam Disks b) ¢

Fig. 20.6 BAVS drive: in a) the mechanism is in rest position, in b) the joint is deflected by an
external torque, and in c¢) an equilibrium position in a stiff configuration is depicted (adapted
from [2]).
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20.3 Electronics and System Architecture

Dealing with 52 actuators and 430 sensors of different types poses a challenge for
electronics and systems architecture. Hence, major aspects as

o reliability and maintainability
e computation and communication bandwidth
e power density and integration level

have to be taken into account during the development and design process [2].
Therefore the system is designed modularly and hierarchically. Electronics as well
as the computation and communication architecture follow this approach. Highly
integrated electronic subcomponents which are independent and scalable guaran-
tee the required flexibility, maintainability and reliability. This also is mirrored in
a well-structured communication concept described in [2], [12], [13].

Fig. 20.7 shows the hierarchical topology of the DLR Hand Arm System.
SpaceWire [14] is used as the communication backbone of the system. It is a
standardized packet based bus with a bandwidth up to 1 Gbit/s and is deterministic
for a given topology. Actuators and sensors are connected via the industry stand-
ard BiSS [15]. BiSS is a master / slave bidirectional serial bus with a typical data
rate of 10 Mbit/s [2].The physical interfaces in turn are connected via their dedi-
cated interfaces (I12C, SPI, PWM, etc.) to the sensor and actuator modules. Due to
this hierarchical design the complexity of the system can be hidden from the ap-
plication designer and on the other hand a good performance can be achieved with
only a minimal execution overhead.
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Fig. 20.7 DLR Hand Arm System topology. [2]
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20.4 Hand Design and Control

The hand is the most exposed part of the robot, although it has the smallest force
capabilities. The required features are large dexterity, manipulation capabilities,
and robustness against unwanted collisions 251[16], [17]. As the human hand is
highly under-actuated and uses several muscle/tendon synergies [18], which are
not technically realizable, a plain copy of the human hand is not feasible. The
hand design has to be based on an abstraction of the fundamental functionalities of
the human hand. To reduce the number of drives, DoFs which have relatively low
impact on grasping abilities should be omitted. These missing DoFs have to be
compensated functionally by the kinematics design of the hand [19].

The kinematics of the hand (see Fig. 20.9) is closely adapted to the human hand
on a functional basis [19]. It consists of 19 independent DoFs'? in order to reduce
the number of necessary drives. Like human fingers, the index and middle finger
have 4 DoFs. The 2nd (PIP) and 3rd (DIP) finger joint'!' of the ring and fifth finger
are coupled to reduce the number of necessary actuators. The 5th DoF of the hu-
man thumb turned out to be of low relevance [20], [19] and have been omitted. To
ensure proper opposition of the thumb and the 5th finger, an antagonistically driv-
en 4 bar mechanism was designed to mimic the motion of the 5th finger metacar-
pal bone'2. The structure of the finger is designed as an endoskeleton with “bionic
joints” [21]. The finger base (metacarpal) joint is a hyperbolically shaped saddle
joint because the human condyloid joint type cannot be replicated technically!.
The finger (interphalangeal) joints, on the other hand, are designed as hinge joints.
All joints allow dislocation without damage in case of overload'*. In addition to
robustness due to short-term energy storage, the use of antagonistic actuation (see
Sec. 20.2) enables to cope with tendon slackening or overstretching, which is one
of the major problems of nowadays tendon-driven hands having inevitably con-
stant tendon length. In contrast, antagonistic actuation is able to compensate una-
ligned pulley axes, and other geometrical errors via the elastic elements of the
drive train. Therefore no explicit tendon tensioner is needed [22].

The forearm is composed of 3 major parts: 1-DoF forearm rotation and 2-DoF
wrist both with BAVS actuation and a 19-DoF hand with antagonistic actuation.
The 38 motors and their corresponding nonlinear compliance mechanisms are
tightly integrated into the forearm (see Fig. 20.8). The fingers are actuated via the
ServoModules. A multiturn winder transfers the rotational gear motion to the ten-

10 Thymb 4 DoF, index finger 4 DoFs, middle finger 4 DoFs, ringfinger 3 DoFs, 5th finger 4
DoFs

11 starting from the fingers base

12 the first bone of the finger located within the palm

Bina meaningful way

14 the elongation of the tendons in case of dislocation is compensated by the elastic elements of

the antagonistic drives
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dons. The compliance mechanism is similar to the one described in [22]. One dif-
ference is that the winder also acts as the first pulley of the “tan o mechanism”
(see Fig. 20.5). This reduces the number of required pulleys. Each compliance el-
ement is adapted to the different finger and joint characteristics. In order to facili-
tate maintenance, the finger actuators are placed on two almost identical halves.
This configuration allows to replace ServoModules without dismounting the ten-
dons. If a tendon replacement is required, the forearm can be opened to grant ac-
cess to the compliance mechanisms as well as the winders.

Fig. 20.8 Opened forearm with the ServoModules. The ServoModules are located on the outside
of each half of the forearm. The tendons and the elastic elements are located in the middle layer
between both halves.

The compact ServoModules are used for both the wrist and forearm rotation since
the requirements are almost identical. The major difference is a higher required
torque for the forearm rotation and wrist actuation than for the finger actuation.
This requirement motivated the use of the newly developed BAVS actuation (see
Sec. 20.2).

Fig. 20.9 Hand and wrist of the DLR Hand Arm System.
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Fig. 20.10 Hand controller structure. ¢ and 6 represent the joint and motor positions. f'and 7 rep-
resent the tendon forces and the joint torques.

The hand controller implements a joint level impedance behavior to facilitate
interactions with the environment. The top level control scheme implemented on
the system is depicted in Fig. 20.10. The joint state observer provides an estimate
of the joint position and the joint torque based on the measured motor displace-
ment and the FAS sensors. An inner loop ensures that the tendon pulling con-
straints are holding and that the maximal tendon forces are not exceeded. The joint
impedance controller is using a back-stepping structure in order to deal with the
flexibility of the joints. A kinematic model of the wrist is used to compensate for
the tendon displacement due to wrist motion.

20.5 Modeling Soft Robots

A soft robot with lumped elasticities such as the DLR Hand Arm System can be
imagined as a set of directly actuated rigid bodies with configuration 6 ¢ R", con-
nected to the indirectly actuated rigid bodies (with configuration vector 6 ¢ R")
through visco-elastic forces [23]. The entire configuration space of the system is
denoted by x = (8,g), x ¢ R™™. A quite general abstraction of a compliant robot,
which can be used for the generic design of controllers, is given by

V(x)

M(x)X+c(x,x)+ 9
dx

+d(x) = [ T] ()
Text

with M(x) being the inertia matrix, c¢(x,X) the Coriolis and centrifugal vector, V' the

potential energy of the elastic element and of the gravity forces, z,, ¢ R” the actua-

tor generalized forces acting as control inputs and z,,; ¢ R” the external torques act-

ing on the robot as a disturbance. The most relevant property of this structure is its

under-actuation, meaning that the system has less control inputs () than its con-
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figuration space dimension (n+m). However, in contrast to other purely inertially
coupled under-actuated systems's, for the considered robots V(x) is [24] positive
definite, implying that a unique equilibrium point exists for each external torque
with actuators in a fixed configuration § = 6, and that the linearization of the sys-
tem around an equilibrium point {x = x,, X = 0} is controllable. Typically, V(x) =
Vs (x) + V. (x), i.e. the potential function is the sum of a gravity potential V¢ and
an elastic potential V,. The elastic potential function V; (x) is a convex function,
increasing strongly enough to compensate for the destabilizing effects of V', such
that V(x) is convex as well. Furthermore, the system contains in general a dissipa-
tive friction force d(x) with xd(x) <0.

If there is no substantial inertial coupling between motors and links and under
some further mild simplification assumptions, the model can be written in a form
resembling more the classical flexible joint robots:

"5 B8] ]

20.6 Cartesian Stiffness Control

Tm

+d(x)—[re“]. @)

20.6.1 Cartesian Impedance Control

While the mechanical stiffness of VIA robots can be adjusted in a wide range, not
any task impedance can be realized by shaping the intrinsic mechanical properties.
This is due to intrinsic limitation in minimal and maximal mechanical stiffness as
well due to the fact that so far, most robots do not have coupled stiffness elements
which would require multi-joint actuators [25]. This is in contrast to biological
systems, which have a much larger number of muscles and also contain a large
number of multi-articular joints. However, one can design a stiffness controller on
motor side, which acts in serial interconnection with the intrinsic mechanical stiff-
ness. Following a central paradigm of VIA, the mechanical robot parameters need
to be tuned such that the desired behavior is naturally achieved on a mechanism
level to the largest extent possible.
of

The stiffness behavior is described by a constant stiffness matrix Ko = o €

R™" as the relation between the Cartesian wrench f and the Cartesian displace-
ment x. The n passive and adjustable joint stiffness components provide the diag-

. a . . . .
onal'® matrix K; = £ ¢ R™ with the joint torques 7 and the joint positions ¢g. The

13 as for example multiple pendulums such as the Acrobot [27]
16 Decoupled joint compliance is assumed.
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mapping from the Cartesian stiffness space to the joint stiffness space is given by
T. KJ = T(Kc)

This transformation can be written as

_at _ AJ(@T Kedx)

By = s =
u g dq

AT KeAx @)
= J(q)TKcJ(g) - ’a—q‘

Jlq) = a;;_;q) is the manipulator Jacobian, where f(g) is the forward kinematics

mapping. Ax = x, - x is the Cartesian position error between the desired and the
actual position. The first part of (3) reflects the stiffness around the equilibrium
point. The second part of (3) is due to the change of the Jacobian, see [26].

The Cartesian stiffness a the equilibrium position (Ax = 0), resulting from a
specific joint stiffness can be obtained by solving the inverse problem of (3),
K¢ =1"'(K;)". Using compliance matrices C. = K., it results from

Ce=J@Crl@h) )

that
Kc = (J(@K; J(g)T) . (5)

Active control adapts the stiffness in a wider range, and the elastic elements are
capable of absorbing impacts and increase the energy efficiency. By combining
the two concepts, one can benefit from the individual advantages. The serial inter-
connection of the active stiffness K, and the passive one K. results in an
overall stiffness K, (see Fig. 20.11):

B R ~1

KI'ES - Kactivc + Kpassive (6)
To compute the active and passive stiffness components, a two-step optimization
algorithm can be used [28]. It achieves first a passive stiffness as close as possible
to the desired one and secondly designs the active stiffness to minimize the resid-
ual.

17 Note that at the equilibrium position the second term in 3 vanishes
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Fig. 20.11 Combination of active impedance controller with passive compliance to achieve a de-
sired Cartesian stiffness.

20.6.2 Independent Position and Stiffness Control

The classical robot positioning task has some obvious particularities in the case of
VIA systems. One does not only need to control the position of the link, but simul-
taneously has the chance to control the joint stiffness as well. This is possible due
to the two independent actuators per joint. Additional control goals, especially im-
portant in the presence of disturbances, are the minimization of deflections and the
suppression of vibrations.

The solutions to achieve independent control of link motion and stiffness can
be classified in two categories.

e One class of controllers exploits the knowledge of system models. In [29] and
[30] feedback linearization approaches are used to transform the robot dynam-
ics into an equivalent model of simpler form. A decoupled chain of integrators
can be achieved, as long as system inversion is possible. The simple structure
of the equivalent dynamics allows for simultaneous decoupling and accurate
tracking of motion and stiffness reference profiles. However, the abstraction of
the robot dynamics hinders the implementation of performance criteria.

Another model based approach aims to achieve a reduced order model [31].
Therefore, separate dynamics are identified in the robot system, namely the
arm, the positioning actuators, and the stiffness actuators. The independence of
these dynamics is shown by a singular perturbation analysis. A cascaded con-
trol structure is based upon this analysis.

The abstraction that this class of controllers provides, allows for theoretical
simplicity and design flexibility. On the other side, robot performance and ro-
bustness in the presence of model uncertainty are not guaranteed. High model
accuracy and high derivatives of states are often required. Furthermore, to con-
form with the idea of embodiment additional effort is necessary, as the control-
lers often enforce a very different robot behavior than the natural one.

e The second class of controllers are energy shaping based controllers.
One of the first controllers in this category was presented by [32]. The control-
ler acts on motor position and uses a transformation to independently control
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the joint position and stiffness. The controller is validated on a 1 DoF VSA
joint.
An extension and generalization has been presented in [33]. The control design
formulation is valid for a quite general form of underactuated Euler-Lagrange
systems including variable impedance robots. Herein, the controller action can
be interpreted as shaping of the potential and kinetic robot energy ensuring sys-
tem passivity.
A general task is described as to control k independent output variables given
by ¢ = h(x) to desired constant values ¢, € R*. € R" is the vector of generalized
coordinates, where n = 2k is the usual case for VSA robots. Given the structure
of VSA robots (2), a new variable g can be found. This is a collocated (directly
actuated) variable, which is statically equivalent to the noncollocated (indirect-
ly actuated) g. Using this collocated variable for a passive feedback ensures
stability and can be interpreted as shaping the potential energy of the system.
The variable ¢ is achieved by solving the static solution of the link side equation

u=g@) - JyO)Kp(G—qa) - Kabl (7)

for g. Except for very simple cases, this equation has to be solved numerically.
Due to the convex nature, this is a fast and numerically robust task in practice.
Consequently, the controller

T+8(g)=0 ®)

is stabilizing the desired position ¢g,.g(¢) is a feed forward term, compensating
for the gravity. The use of ¢ enables arbitrarily low controller gains even for large
displacements from the equilibrium. J7 is a Jacobian mapping the collocated vari-
able on the statically equivalent ¢. Global asymptotic stability based on La Salle’s
invariance theorem can be shown.

The approach can be extended in order to include also feedback of torque and
torque derivative, with the effect of reducing the apparent actuator inertia and fric-
tion. This allows improving the transient performance while remaining within the
passivity framework.

The energy shaping approach provides excellent performance in the static case
and for well damped systems. However, some joints show low intrinsic damping
to enable joint torque estimation and energy efficiency. In this case it is desirable
to add additional damping via control or to include a physical variable damping
element. Several damping control structures can be considered. A simple gain
scheduling approach for a one DoF system has been presented in [34]. Local linear
sub-problems are identified on which a LQR state feedback controller is designed.
The nonlinearity of the robot dynamics requires adapting the controller poles de-
pendent on the system state, which is especially hard for the multi joint robots.

A physically motivated state feedback control approach for multi-DoF VSA
robots has been presented in [6] using an eigenvalue based modal decomposition.
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20.7 Optimal Control

Humans are capable of highly dynamic motions such as throwing or kicking. A
major feature that presumably enables them to perform such tasks is their ability
to optimally store and release elastic energy in the compliant elements of the mus-
culoskeletal system, in combination with inertial energy transfer between the rigid
parts of the body. Based on this feature, using elastic elements in robot joints, and
finding control strategies which exploit this elasticity optimally has recently drawn
significant attention.

The question of how to make use of the (adjustable) potential energy stored in
elastic elements of a robotic system in the best possible way is not a trivial one,
especially when considering the increased complexity of robotic systems with ad-
ditional elasticity. A powerful mathematical tool for dealing with this question is
Optimal Control (OC) Theory [35], which provides conditions for the control to
minimize a given cost functional. Generally, a cost functional can be written as a
sum of two terms

‘s
J(lf)=t9()€(ff),ff)+ff L(x(t), u(t), )dt, 9)

0]

where the first term, the terminal cost, considers the final state of the state and the
terminal time, whereas the second term, the integral cost, takes the whole trajecto-
ry into account. By choosing an appropriate cost functional, the optimal cost can
then be used as an indicator for the performance one can gain from elastic joints.
Unfortunately, the conditions which OC theory provides, cannot always directly
be formulated as control laws, especially when one wants to analyse a complex
robotic system with multiple degrees of freedom and various nonlinearities. Nev-
ertheless, under some simplifying assumptions, it is in some cases also possible to
find analytical solutions, which are useful in understanding the best control strate-
gies for these novel devices. Consequently, two main approaches are being fol-
lowed for the analysis of these systems.

The first one is to work on simplified models such that analytical results can be
obtained ([36][37][38][39][40][41][42][43][44][45]). These results are useful to
reveal the relation between the system’s parameters such as eigenfrequency,
damping ratio and the maximum attainable performance regarding for instance the
system’s peak velocity during a throwing motion. The second approach is the use
of powerful numerical tools such as pseudospectral methods [46], which have
been successfully applied to various robotic systems including the DLR Hand
Arm System ([37], [2], [48], [49]).

Even though one can compute the optimal control strategy for complicated sys-
tems following the second approach, this computation may require a significant
amount of time depending on the complexity of the used model. Consequently, for
applications where the optimal control strategy is needed in real-time, these meth-
ods need to be further developed. In [50], the problem of generating optimal mo-
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tions in real-time was addressed by encoding trajectories via Dynamic Movement
Primitives (DMPs). The optimal trajectories learned via DMPs have the advantage
of being reconstructable in real-time with high precision. Furthermore, the extrap-
olation to other tasks show near-optimal behavior, which has been illustrated in
[50] by realizing a ball throwing motion with the DLR Hand Arm System, when
the goal position is varying.

Comparing the existing results regarding the optimal control of elastic joints in
literature, a lack of existing analytical results especially for n-DoF systems is ap-
parent. Consequently, filling this gap and combining the gained insight for more
efficient numerical methods and learning algorithms is an ongoing research.

20.8 Collision Detection and Reaction

As mentioned previously, intrinsic joint elasticity improves impact robustness.
In addition, the potential energy storage and release capabilities in the joints allow
to outperform rigid manipulators by means of achievable peak link velocity. While
high link velocities are desirable in terms of performance, they may also increase
the robot’s level of dangerousness and the risk of self-damage during collisions. In
other words we have to consider both, threats for the environment and the robot.
Threats for the environment are mainly caused by contact forces with the robot,
whereas threats for the robot are dominated by the torque in the drive-train of the
robot actuators. Thus, the problem of ensuring safety has to be treated differentiat-
ed. In physical human-robot interaction (pHRI) it is therefore important to detect
contact with the environment and take appropriate countermeasures by control in
case of unwanted collisions.

For detecting and isolating collisions with the DLR Hand Arm System, we use
the generalized link momentum observer proposed in [51]. As this observer re-
quires knowledge of the elastic joint torque, we use an estimate obtained by model
identification. An alternative scheme described in [30] observes both the motor
and link momentum and therefore does require identification of the joint torque.
However, this scheme showed poor performance in practice because it is sensitive
to unmodeled motor friction. Having detected collisions with the environment,
collision reaction schemes can be activated to ensure the physical integrity of hu-
man and robot.

20.8.1 Reactions

The most intuitive collision reaction is to stop the robot. For rigid robots or robots
with high joint stiffness such as the LWR-III, stopping can simply be achieved by
engaging the brakes or commanding the current position to the position controller.
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However, when halting the motors of VSA robots the links can still oscillate sig-
nificantly due to the intrinsic joint elasticity. This can result in large link side ve-
locities and even constraints such as maximum elastic deflection may be violated.
The decrease of link velocity then depends on the damping of the joints, which is
typically undesired for VSA robots and therefore very low.

Braking of elastic joint robots can be achieved by introducing active damping
by control. For this, several schemes have been proposed recently. The state feed-
back controller described in [6] bases on a eigenmode decoupling approach and
selects feedback gains such that dynamics and control behave like damped second
order systems. A second decoupling based method described in [52] aims at brak-
ing an elastic robot as fast as possible, in other words, introducing as much damp-
ing as possible. The controller makes use of optimal control theory to brake each
decoupled SISO mass-spring system in minimum time. It is noteworthy, that this
optimal control problem can be solved in real-time. Both previously mentioned
methods require a dynamic model of the robot. A model-free approach was pre-
sented in [7] were the energy storage and release process of every joint is exploit-
ed to form a passive damping controller.

An overload in the drive-train of a VSA robot typically results in the situation
that the spring deflection limit is approached, e.g. by an external impact. In this
case the mechanics or spring is likely damaged. In order to avoid this, an extreme-
ly large spring could be utilized, which would be of no use during the normal op-
erations and would increase weight and bulkiness. An alternative is to actively
move the VSA position in the direction of the threatening torque, so that the
spring is discharged. This for example can be initiated at a load level above a giv-
en remaining potential energy capacity, or a remaining passive deflection angle
(see red dashed line in Fig. 20.12), [53].

Another possible reaction to avoid spring overload takes advantage of the ca-
pability of a VSA to change its stiffness. It uses the same activation criteria as the
previous reaction. Depending on the construction and the implementation princi-
ple, a VSA features different spring energy capacity or maximum deflection angle
at different stiffness presents. If the VSA is set due to application demands to a
less advantageous stiffness preset concerning the robustness issue, this can be mit-
igated by the reaction strategy. As long as the threat of overload is present the
VSA changes the stiffness preset to a safer state and returns to the normal state
when the critical situation is over. Spring preload type and antagonistic VSAs
have a higher energy capacity at lower stiffness presets, because the energy used
to preload the spring(s) for a stiffer setup cannot be used for passive deflection
(light grey area in Fig. 20.12). In this case the motors release the preload during
the reaction so that they do not have to supply additional power and at the same
time increase the actuator energy capacity. An additional benefit is that also the
maximum passive deflection angle increases with a softer stiffness preset.
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Fig. 20.12 Spring force vs. spring compression with the spring energy (grey area below the blue
line) and the reaction trigger level (red line).

20.8.2 Reflexes

A novel approach to increase safety and security of VSA systems is to take the
human mimetic approach one step further: The actuator unit consisting of motor
and spring can be controlled analogously to the human muscle and tendon, which
are protected by reflex actions. Those reflex actions can be interpreted on a control
level to protect the mechanical VSA system. But what are those protective reflex-
es and what do they regulate? Among them is the stretch reflex, commonly known
from the tendon jerk experiment: A tap on the tendon of the quadriceps passively
stretches the muscle and special receptors, the so called muscle spindles, lead to a
contraction of the same muscle. Moreover there is the more complex nociceptive
withdrawal reflex that leads to a withdrawal movement elicited by a painful stimu-
lus. The number of activated muscles is scaled with the intensity of the stimulus
and might lead to the retreat of only one limb, e.g. after tapping on a needle, up to
a reaction of the whole body jumping away from the source of stimulus. A third
reflex is the autogenic inhibition that leads to a relaxation of the muscle threatened
by overload: If a force is much too strong for a muscle, golgi tendon organs induce
its inhibition to protect it from harmful tear.

Those reflexes are very different, but our assumption is that they follow com-
mon principles, which are namely: hierarchy, since they operate concurrently in a
predefined order, where the central nervous system (CNS) is at the highest level
and can suppress any reflex activity by conscious thought; operation on joint level
and not necessarily a reaction in Cartesian space; reflex reversal, which means that
the same stimulus can lead to different reactions, depending on the situation; irra-
diation, because the stronger a stimulus the more muscles are activated and the re-
action is spread (irradiated) over the joints; the preservation of a status quo, which
is e.g. stability or sanity. The reflexes, interpreted on a control level, are a combi-
nation of PD control (stretch reflex), force/torque control (autogenic inhibition)
and a fast trajectory (nociceptive withdrawal reflex).We propose an activation
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strategy of the reflexes based on two inputs: The measured deflection of the spring
mechanism, directly correlating to the torque, since the stiffness of the spring is
known, and the force input from an artificial skin. The activation is complemented
with a switching strategy of the control mode that preserves the stability of the
system in action. Thus, the system is PD controlled and moves away from a source
of stimulus to the artificial skin that is arranged in so called reflex responsive
fields, eliciting a movement of the proximal joint away from the source of stimu-
lus (see Fig. 20.13). Two of the use cases are: (A) An evasive trajectory of the mo-
tor after an impact on the artificial skin to a new set-point, symbolized by a red
dot; (B) A switch to torque control mode after over-lengthening of the spring to
reduce the stored elastic energy. The control modes can be used conjointly and the
reaction can be spread over multiple proximal joints. After each reflexive reaction
a trajectory back to original set-point, symbolized by a green dot, is computed.
The stronger the stimulus, the more joints are activated to support the movement.
If overload of the spring is detected, the system switches into torque control,
hence reducing the energy storage in the spring, and switches back to PD control,
after necessary energy and stability conditions are satisfied. All control action
takes place on joint level, can be spread over multiple proximal joints as well as
suppressed by raising the activation-thresholds. It only steps in when necessary
and thus enhances existing control schemes by providing additional safety and se-

curity.

Reflex Reflex
Controller Controller| =~
Evasive trajectory under PD control Switch from PD to torque control
( = Nociceptive withdrawal reflex) (= Autogenic inhibition)

Fig. 20.13 Reflex use cases for a VSA joint, where the motor is depicted in blue, the link in grey,
a passive compliance as black spring and the artificial skin in green.

20.9 Cyclic Motion Control

Key properties of compliant actuators in robotic arms are the capability to improve
performance and energetic efficiency. Especially in case of cyclic motion tasks,
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the capability to buffer and release elastic energy may reduce the size and weight
of required actuators and save a substantial amount of energy. These properties are
even of increased importance for legged robots, which need to wirelessly walk,
jump, or run over rough and uneven terrain. The step from rigid towards elastic
actuation introduces natural oscillation dynamics into the plant. In our recent
works [54], [55], [56], [57], [58], [58], novel concepts to exploit these natural dy-
namics have been derived.

Considered limit cycle control methods range from classical principles based
on the well-known Van der Pol oscillator to novel concepts following the idea of
resonance and natural dynamics excitation. The former method is adapted from
rigid actuator control, where the generalized force of the second-order dynamics
can be considered as control input. An implementation for compliant actuators is
proposed in [54]. The latter method is derived from human motor control [56],
[58]. This method directly applies to continuous second-order systems'® of the

form
aU()

mg+d(q,q)=— 90
¢=q-4

with positive plant parameters'® representing a large class of compliantly actuated
robotic joints. The limit cycle controller is simply the switching law?°.

[ -sign(g-6)0if |g-6|> €
0(q.07) = {0 otherwise

For the maximally efficient controller parameters § < 2, this controller generates
a globally asymptotically stable limit cycle without any model knowledge, only
based upon measurements of the spring deflection [58].

The extension of the above methods from the single to the multiple joint case
under the concept of natural dynamics exploitation is derived from the notion of
intrinsic mechanical oscillation modes [58]. Exploiting the idea of two dimension-
al invariant submanifolds, 2n”-order dynamics of multiple joint robots collapses to
second-order dynamics of a single joint. This dimensionality reduction can be
achieved using one of the following approaches:

e Considering a locally valid linearization of the nonlinear plant dynamics,
linear eigenmodes can be identified. The valid range of these modes can
be extended to hold globally by feedback control [54].

18 The system has continuous states ¢, € R
19 The inertia m > 0, the generalized damping force is positive semi-definite in a sense that d(q,q
) q >0 and the elastic potential U(¢) is positive definite w.r.t. the spring deflection ¢.
20 The finite dynamics is piecewise continuous from the left, i.e. © ~ represents the state of 0 be-
fore the switching.
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e On the basis of the switching control, a directed excitation along an in-
trinsic mechanical oscillation mode can be achieved by adaptive control
[55].

e A method to generate a limit cycle along a predefined oscillation mode
has been derived from classical impedance and null-space control [36].

The above methods can be nearly arbitrarily combined to achieve a multiple de-
gree of freedom limit cycle control. One can adapt to one of the following re-
quirements: task adaptability, performance, or efficiency.

20.10 Conclusion

We highlighted in this chapter that intrinsic flexibility in robotic systems is of cru-
cial importance to obtain human level power density and to interact safely with
humans and unknown environments. Using classical electro-mechanical actuation
in combination with nonlinear elastic joint mechanisms allows realizing high per-
formance actuators, with high motion repeatability and high efficiency. A large
amount of control literature on flexible joint robots can be therefore accessed and
adapted to the nonlinear, adjustable stiffness case. In this chapter we addressed on
the basis of the DLR Hand Arm System all major aspects related to the mecha-
tronic design and control of VSA robots. As a research prototype, the DLR Hand
Arm System fully validates the feasibility of the VSA concepts. A major draw-
back remains the relatively high complexity of the nonlinear elastic joint. New
technological approaches to implement the variable elastic element and integrated
electronics solutions would therefore support the evolution of VSA systems to-
wards commercial applications.
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21 Soft Robotics Research, Challenges, and Innovation
Potential, Through Showcases

Cecilia Laschi

The BioRobotics Institute, Scuola Superiore Sant’ Anna, Pisa

Abstract Soft robotics, intended as the use of soft materials in robotics, is a
young yet promising and growing research field. The need for soft robots emerged
in robotics, for facing unstructured environments, and in artificial intelligence, too,
for implementing the embodied intelligence, or morphological computation, para-
digm, which attributes a stronger role to the bodyware and its interaction with the
environment. Using soft materials for building robots poses new technological
challenges: the technologies for actuating soft materials, for embedding sensors
into soft robot parts, for controlling soft robots are among the main ones. Though
still in its early stages of development, soft robotics is finding its way in a variety
of applications, where safe contact is a main issue, in the biomedical field, as well
as in exploration tasks and in the manufacturing industry. Literature in soft robot-
ics is increasingly rich, though scattered in many disciplines. The soft robotics
community is growing worldwide and initiatives are being taken, at international
level, for consolidating this community and strengthening its potential for disrup-
tive innovation.

21.1 Introduction: The Need for Soft Robots

Soft robotics, intended as the use of soft materials in robotics, is a young yet
promising and growing research field [1]. Soft robotics stems from robotics, on
one side, and from artificial intelligence, on the other side.

Robotics evolved significantly from its recent birth in the ‘50s and is today a
solid discipline with a good wealth of knowledge and technologies. Though robot-
ics basically evolved in the field of industrial manufacturing, service applications
were soon investigated by roboticists [2]. The huge difference in the two applica-
tion domains can be summarized in being the environment structured, in industrial
manufacturing, and unstructured in service applications, where robots are ex-
pected to operate in a variety of scenarios, of our own world. For this reason, ser-
vice robotics brought to bioinspiration, as investigating the animals that evolved
and successfully live in these environments is definitely a good starting point for
building like-wise successful robots [3][4]. It is then clear that soft tissues have a
dominant role in animals, with respect to their rigid skeletons and exoskeletons.
The use of soft deformable and variable stiffness technologies in robotics repre-

A. Verl et al. (eds.), Soft Robotics, DOI 10.1007/978-3-662-44506-8_21,
© Springer-Verlag Berlin Heidelberg 2015



256

sents an emerging way to build new classes of robotic systems that are expected to
interact more safely with the natural, unstructured, environment and with humans,
and that better deal with uncertain and dynamic tasks (i.e. grasping and manipula-
tion of unknown objects, locomotion on rough terrains, physical contacts with
human bodies, etc.) [5].

In artificial intelligence, too, one of the modern views is based on the decisive
role of the interaction with the environment. This interaction is not just intended as
reaction to external forces and perturbations, but especially as control of move-
ments. This means that the morphology of the body and the mechanical properties
also play a decisive role in intelligent behaviour [6]. In other words, a part of
movement control is not given by computation and neural processes, but by pas-
sive adaptation of body parts to the forces borne, in prevailing tasks, in so-called
embodied intelligence and morphological computation.

21.2 The Challenges for Soft Robotics, Through the Octopus
Showcase

Look at an octopus with a roboticist’s eyes: its arms are soft and deformable, they
can bend in any direction, at any point along the arm; however, they can stiffen
when needed and they can grasp and pull objects with considerable strength. The
octopus is undoubtedly a good model for soft robotics, and an extreme one, con-
sidering that it has no rigid structures, of any kind.

The octopus does not have a large brain, yet it can control this huge amount of
possible movements and motion parameters [7]. Its soft body seems to simplify
control exploiting its rich interaction with environment, which is thought to be at
the base of its unexpected intelligence. The octopus then represents an ideal model
for morphological computation, too.

Understanding the secrets of the octopus soft dexterity and copying some of the
key principles is an effective case-study for facing the different challenges, in dif-
ferent disciplines, related to the development of soft robots [8]. These have been
the main objectives of the OCTOPUS project.

21.2.1 Biological Insights

The first big lesson from biology is the muscular hydrostat [9][10]: a muscular
structure composed of longitudinal, transverse and oblique muscles, which allows
all-direction bending, by selective contractions, elongation and shortening, by con-
tractions of the transverse and longitudinal muscles, respectively, torsion, by con-
tractions of the oblique muscles, and stiffening, by co-contractions.

Among open questions were: how long can an octopus arm stretch? How are
nervous fibres arranged inside the arm, not to be stretched and damaged? What
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force can each arm generate when pulling? How are longitudinal and transverse
muscles arranged and anchored along the arm? What are the mechanical proper-
ties of the octopus muscular tissue? What is the density of an octopus? How are
the fibres of the connective tissue arranged? What are principles of the crawling
mechanism?

Biomechanical measurements on arms of specimens of Octopus vulgaris, with
purposively designed bioengineering tools (see Fig. 21.1), gave evidence of an av-
erage 73% elongation and an average 40N force applied with one arm [11][12].
Imaging and biological analysis of the octopus arm tissue (ecography, histology,
SEM) gave evidence of the helicoidal arrangement of nervous fibres in the central
nerve chord [13], of the radial transverse fibres and of the anchoring of longitudi-
nal fibres at different lengths along the arm. Mechanical tests showed a hyperelas-
tic behaviour of the octopus arm tissue and a density very close to the water densi-
ty, giving neutral buoyancy. Video analysis of the swimming and of the crawling
movements outlined the mechanisms of pulsed jet propulsion and back-arm push-
ing for crawling [14][15].

The results have been translated into specifications for the robot design
[16][17].

‘ Transparent Plexiglas tube
| with graduated scale

ar- R =
/ | Elongating Arm |
~— ¢ -~

Fig. 21.1 From top to bottom, left to right: The experimental set-up for measurements and for
echography of the octopus arm, and an image of corresponding histology, used for comparison.
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21.2.2  Soft Actuation Technologies

The actuation of soft bodies, producing the desired deformations and desired forc-
es, is one of the main challenges in soft robotics. In animals, analogous actuation
is given by a number of muscle fibres, well distributed in the body. While artificial
muscles are still an open objective for engineering, several technologies are cur-
rently being investigated to this purpose.

An important technological field, in the quest for artificial muscles, is repre-
sented by EAP, ElectrActive Polymers [18][19]. They use the property by which
two layers of conductive material tend to attract when powered, by a Coulomb at-
traction force, thanks to the Maxwell effect, if the medium between them can be
compressed. They are then well-suited to stand as soft actuators, as they can be
built with soft materials like silicone, though the geometry needs to be carefully
designed in order to obtain useful strain [20].

Shape Memory Alloys (SMA) are alloys that deform to an original shape when
heated [21]. They are not strictly soft materials, but they are used in wires that can
well serve the purpose of actuating soft materials [22][23]. Despite of their well-
known drawbacks in slow deformation, difficult controllability, low strain, SMA
springs stand as an effective solution for the OCTOPUS front arms, well comply-
ing with the specifications of the water environment, slow contractions, and on-off
control [24].

Compressed air is a powerful actuation system for soft materials. In addition to
the well-known McKibben actuators [25], compressed air has recently been used
for deforming soft body parts at lower scales. In the starfish-like robot by [26],
networks of channels in elastomers inflate for actuation.

21.2.3 Soft Robot Modeling and Control

New approaches are necessary for modelling and controlling soft-bodied struc-
tures. The 50-year history of robotics and of robot control is based on the assump-
tion that robots are kinematic chains of rigid links. Robot control theories and
techniques have developed on this assumption and reached today a very high level
of solidity, rigour, accuracy, and progress [2]. The use of soft materials in robotics
is going to unhinge these fundamentals, as most rules no longer stand. Known
techniques for kinematic and dynamic modelling in robotics cannot be used, while
techniques for the modelling of continuum structures are needed. Control needs a
deep rethinking, as well, not only for the lack of exact kinematics and dynamics
models, but also for the increased role of interaction with environment.

Most of the approaches currently in use for the direct model of continuum soft
robot are limited to piecewise-constant-curvature approximation [27]. Recently,
Jones et al. [28] presented a steady state model of continuous robot neglecting the
actuation. In the work by Boyer et al. [29] the distributed force and torque acting
on the robot are estimated but no discussion is made concerning on the actuators
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that could generate them. A continuum geometrically exact approach for tendon-
driven continuum robot has been proposed by Renda et al. [30]. It is capable of
properly simulating the coupled tendon drive behaviour of non-constant curvature
manipulators, because it takes into account the torsion of the robot. The inverse
model proposed in literature for controlling continuum soft robot follows different
approaches. A modal approach was proposed by Chirikjian et al. [31]. A success-
ful Jacobian method for a non-constant curvature tendon-driven manipulator is
proposed and compared with a neural approach [32][33].

21.2.4 Integration and Validation of an Octopus-like Robot

The final OCTOPUS prototype is the first completely soft robot, which integrates
a central body with 8 arms extending in radial directions and the main processing
units (see Fig. 21.2). The front arms are mainly used for manipulation, elongation,
grasping, the others are mainly used for locomotion. To optimize elongation,
reaching and manipulation tasks the front arms are based on the SMA actuators,
which reproduce the internal anatomical features of the real octopus arm, and thus
allow to perform finely controlled and precise movements. The other arms, which
are used for crawling, are based on silicone and cables, embedding the features
needed to obtain an octopus-inspired locomotion. The robotic octopus works in
water and its buoyancy is close to neutral.

21.3 Soft Robots at Work

21.3.1 Biomedical Applications of Soft Robotics: Octopus-derived
Technologies in Surgery

Minimally invasive surgery is nowadays widely used in clinical practice and pro-
gresses are going on at a good pace. Few limitations in modern laparoscopic and
robot-assisted surgical systems are due to restricted access through Trocar ports,
lack of haptic feedback, and difficulties with rigid robot tools operating inside a
confined space filled with organs.

The STIFF-FLOP?! project aims at taking inspiration from biological manipula-
tors like the octopus arm and the elephant trunk and at taking advantage of the
OCTOPUS research and technologies for developing a highly dexterous soft ro-
botic arm able to locally control its stiffness for both being compliant with the en-
vironment and accomplishing surgical tasks.

21 www.stiff-flop.eu
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Fig. 21.2 From left to right, top to bottom: Scheme of the OCTOPUS arm components; images
of the OCTOPUS arm with SMA actuators in the braided structure (credits to Massimo Brega,
The Lighthouse); an image of the OCTOPUS prototype exhibited at the Science Museum in
London (credits to Jennie Hills, Science Museum); image of the 8-arm robot in water, with 2
front SMA arms and 6 crawling arms.

A combination of pneumatic actuation and granular jamming led to the first
prototype of a soft endoscope with controllable stiffness [34].

21.3.2 Soft Robots in Explorations: An Octopus-like Underwater Robot

Robotics has proved to be an essential tool for underwater operations. A number
of tasks are today accomplished by robots, such as Remotely Operated Vehicles
(ROVs) and Autonomous Underwater Vehicles (AUVs). Standard working proce-
dures for these kinds of vehicles envisage the robots to work at a safe distance
from the sea bottom or the submerged structure upon which operation is being car-
ried out in order to avoid the risk of damage. Instead, the introduction of soft ro-
bots in this field brings a disruptive perspective to underwater explorations and
operations.
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The PoseiDRONE Project aims at developing a soft robot capable of swim-
ming, crawling over irregular and uneven substrates and perform complex manip-
ulation tasks in cramped environments underwater. The capability to perform mul-
tigait locomotion in the aquatic environment and manipulation along with an
overall highly compliant structure provide this robot with unprecedented assets
[35] (see Fig. 21.3). This robot will be applicable in marine operations such as
those entailed with coastal and offshore engineering, petroleum and drilling tech-
nology as well as underwater archeology and environmental protection.

Fig. 21.3 Images of the PoseiDRONE prototype, from left to right: view of the 4-arm prototype
in a salt water tank, the prototype in sea water, detail of the pulsed-jet propulsion with the fluo-
rescein dyed vortex ring (credits to Massimo Brega, The Lighthouse).

21.3.3 Soft Grippers for Manufacturing

While robotics has contributed fundamental technologies for manufacturing pro-
cesses, there are still few industrial tasks that cannot be performed with current
robotic grippers, requiring higher flexibility and adaptability to different shapes.
For those tasks, soft robotics can be effectively applied, by producing soft grippers
than can intrinsically adapt to grasp different shapes.

The SMART-e?> Marie Curie Action aims at investigating this application of
soft robotics through a European network of PhD research programmes. Specific
topics are soft robotics and morphological computation, octopus-based technolo-
gies for manipulation in manufacturing, soft robotic grippers for industrial manu-
facturing.

21.4 Conclusions

The many challenges and the many potential applications of soft robotics involve
a number of different disciplines and sectors. They also attract the interest of an
increasing number of researchers worldwide and literature in this topic is growing

22 http://smart-e-mariecurie.eu/
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at a fast pace: from basically no papers until 2004, to 10 papers in 2008, and 40
papers in 2012.

While this interdisciplinary nature of soft robotics is one of its main strengths
for disruptive innovation, at the same time one of the possible risks to jeopardize
the full development of the potential of soft robotics is the scattered community.

In 2012 a Technical Committee of the IEEE Robotics and Automation Society
has been started on Soft Robotics?, to gather scientists in this field, at least from
the robotics community, with the impressive results of collecting 379 members in
less than two years.

Including other disciplines, too, the scientific community of Soft Robotics is
gathering around the ICT-FET Open RoboSoft** Coordination Action, started in
November 2013. A common forum helps soft robotics researchers to combine
their efforts, to maximize the opportunities and to materialize the huge potential
impact of soft robotics. RoboSoft is creating the missing framework for the soft
robotics scientists, regardless of their background disciplines, and enabling the ac-
cumulation and sharing of the crucial knowledge needed for scientific progress in
this field. RoboSoft is aiming not only to create and consolidate the soft robotics
community, but also to establish effective links with relevant scientific communi-
ties potentially interested in exploiting soft robotics as case study.

Soft robotics is not just a new direction of technological development. The use
of soft materials in robotics is going to unhinge its fundamentals. Soft robotics is
going to stand as a novel approach to robotics and artificial intelligence, and it has
the potential to produce a new generation of robots, in the support of humans in
our natural environments.
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22 Flexible Robot for Laser Phonomicrosurgery

Dennis Kundrat, Andreas Schoob, Liider A. Kahrs, Tobias Ortmaier

Institute of Mechatronic Systems, Leibniz University Hannover

Abstract In this contribution we present a customized flexible robot developed
as endoscopic device for laser phonomicrosurgery. Following the idea of soft ro-
botics we describe the conventional clinical setting and adjunct benefits of the
proposed assistance device to facilitate gentle surgery and usability in the operat-
ing room. Design constraints are obtained from medical image data implementing
a mechanical design comprising compliant and flexible sections, actuation unit
and multifunctional tip. We present results of a proof of concept experiment using
a patient phantom, demonstrating the applicability of our system for laryngeal ac-
cess.

22.1 Introduction

Recent advances in surgical techniques covering minimally invasive surgery
(MIS) and natural orifice transluminal endoscopic surgery (NOTES) are focused
on innovative instruments minimizing trauma and optimizing dexterity in con-
straint anatomical cavities. However, these approaches are associated with chal-
lenging manual and cognitive surgical tasks. Introduction of robotic and mecha-
tronic assistance in the medical environment has overcome several limitations and
advanced state of the art procedures. This resulted in the success of the commer-
cially available da Vinci system (Intuitive Surgical, CA, USA) originally devel-
oped for cardiac and now mainly used in abdominal surgery. Additionally, re-
searchers address systems (e.g. highly dexterous manipulators or snake-like
devices) for further specific applications enhancing surgeons’ performance with
potentially beneficial postoperative outcome.

We present our progress towards an endoscopic device for laser phonomicro-
surgery. The development aims at advanced instrumentation and mechatronic as-
sistance by use of micro mechanisms, laser control, and vision.

22.2 Phonomicrosurgery

The anatomy of the human larynx is complex due to various connections between
ligaments, muscles, cartilage, and soft tissue. The larynx is located in the lower

A. Verl et al. (eds.), Soft Robotics, DOI 10.1007/978-3-662-44506-8_22,
© Springer-Verlag Berlin Heidelberg 2015
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neck and is divided topographically into supraglottic, glottic, and subglottic region
as shown in Fig. 22.1.

oral cavity N
oropharynx
epiglottis

tongue hypopharynx

oesophagus
trachea

Fig. 22.1 Sagittal cut of human head showing oral cavity, pharynx, and larynx.

Besides the functionality of the epiglottic cartilage avoiding aspiration of food and
liquids, the voice box in the glottic region produces voice based on vocal fold os-
cillations. In regard to epidemiology, laryngeal cancer is the second most common
cancer in the aerodigestive system [1]. In particular, malignant or benign patholo-
gies of the vocal folds influence the patient’s life significantly because swallow-
ing, breathing, and voice production can be abnormal. After indication of surgical
treatment, phonomicrosurgery is considered as gold standard for preservation and
recovery of functionality.

The conventional surgical setup is presented in Fig. 22.2a. The anaesthetized
patient is positioned with extension of the neck and suspension laryngoscopy is
conducted by inserting a straight rigid laryngoscope through the oral cavity to ex-
pose the surgical site in the glottic region. Intraoperatively, stereo microscopes are
employed to perform surgery and examination under magnification. Tissue ma-
nipulation is performed with micro instruments or more recently with laser devic-
es based on manually operated beam deflecting manipulators. This setup allows
for control and observation of the laser ablation while removing tumor tissue [2].

Direct line-of-sight laryngoscopy is associated with disadvantages for patient
and surgeon. Hyperextension of the neck can lead to high forces in the contact be-
tween laryngoscope and surrounding soft tissue resulting in tissue damages or rup-
tures. These complications can lead to loss of taste and sensitivity as well as cervi-
cal immobility [3]. Furthermore, current intraoperative ergonomics require
intensive training to improve dexterity while operating the beam deflecting ma-
nipulator in a working distance of approx. 400 mm and simultaneous handling of
micro instruments resulting in fatigue in tedious surgeries.
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Fig. 22.2 a) Conventional setup: Microscopic observation and tissue manipulation under suspen-
sion laryngoscopy b) Proposed setup of “micro technologies for robot-assisted laser phonomicro-
surgery “ (LRALP) project: Novel surgeon’s interface with interactive laser control, virtual mi-
croscope and endoscopic robot inserted into patient’s larynx.

Contributions from researchers and companies have indicated advanced approach-
es compared to state of the art procedures by introducing transoral robotics sur-
gery (TORS) addressing novel devices and instrumentation. In the following an
excerpt is presented. The commercial da Vinci system has been used in TORS of
laryngeal lesions [4]. Customized robots have been developed by Haifeng et al. [5]
with serial architecture and Simaan et al. [6] with continuum architecture for mi-
cro manipulation and suturing in the laryngeal region. Furthermore, curved blade
laryngoscopes complying with anatomical shapes have been proposed. Studies
have proven total laryngeal exposure despite cervical rigidity and forces between
instrument and tissue have been reduced significantly compared to straight laryn-
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goscopy. Regarding phonomicrosurgy, Patel et al. integrated a laser beam deflect-
ing mechanism based on Risley prisms into a rigid endoscope [7].

22.3 System Design

Taking the aforementioned developments into account we designed an adaptive
curvature endoscopic robot with multifunctional tip to improve state of the art la-
ser phonomicrosurgery. The adaptive shape can facilitate the insertion procedure
and reduces forces to adjacent tissue minimizing postoperative complications. By
transferring imaging from outside the patient to a chip-on-the-tip approach, direct
visualization of the surgical scene with decreased extension of the neck is feasible.
By incorporating a novel beam deflecting micro manipulator in the endoscopic tip
[8] reduction of the working distance and workspace enlargement are achieved re-
spectively. The uRALP setup is shown in Fig. 22.2b obviating the need for exten-
sion of the neck due to an adaptive endoscopic shaft.

22.3.1 Design Specifications and Constraints

The main requirements of the device have been specified and are summarized
briefly in the following. The insertion procedure should obviate suspension laryn-
goscopy providing a gentle insertion without neck extension. For visualization
purposes with implicit depth perception a stereo camera has to be integrated asso-
ciated with appropriate illumination. Furthermore, the endoscopic tip has to incor-
porate the micro manipulator for beam deflection in order to provide adequate
prepositioning with respect to the surgical site.

After determination of general requirements we analysed computed-
tomography (CT) images of six patients in order to conduct morphological meas-
urements and derive characteristic length and radii of specific anatomical land-
marks. The minimal radius of curvature to access the larynx from the oral cavity
was determined to approx. 30 mm in normal lying position.

22.3.2 Flexible Sections, Actuation Unit, and Control

In order to achieve the bending radii of the aforementioned constraints and to pro-
vide appropriate stiffness of the device we inspired our design by the work of
Simaan et al. [5]. The flexible manipulator (see Fig. 22.3) consists of two sections
with length of 70 mm and 15 mm, respectively. Each section has a 20 mm outer
diameter and four tubular Nitinol (NiTi) backbones. These are axially aligned with
an angle of 120° and 8.5 mm distance from the central backbone.
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In contrast to a totally actuated system we propose hybrid control involving
manual actuation of the first shaft in one degree of freedom (DoF) and automatic
actuation of the distal tip in two DoF in order to facilitate pre- and intraoperative
handling. For kinematic modelling we apply a model based on the assumption of
constant curvature and neglecting torsion as well as backlash.

The actuation unit coordinates the movements of the endoscopic shaft and tip.
It consists of a manually operated mechanism based on spindle drives and carriers
for the shaft section and a motorized carrier system for distal tip deflections.

Our control architecture focuses on modular design as well as compact dimensions
resulting in an embedded based architecture. The controller is hosted on a Bea-
gleBoneBlack board running a dedicated Ubuntu system and Robot Operating
System (ROS). Low level interfaces are provided for serial I/O and ethernet for
distributed network operation in the overall framework. Customized hard- and

software interfaces are developed to integrate kinematics and motion control into
ROS.

Y¥=[90°,30°]

Fig. 22.3 Overlay image of flexible sections with kinematic configuration y defining tilt angle
for first and second shaft, respectively. Lower left corner shows the tip design.

22.4 Results

Prior to a cadaver study first evaluations were conducted in a phantom (AirSim,
Erler + Zimmer, Germany). The phantom comprises head, upper body, and de-
tailed upper airway including larynx and vocal folds. The neck was slightly ex-
tended to facilitate the procedure. The main shaft was bent and the device was ad-
vanced transorally. Subsequently, a sagittal X-ray image of the phantom head was
acquired to determine the compliance and fit of the manipulator with regard to an-
atomical constraints. As shown in Fig. 22.4, the curvature corresponds with the
anatomy and enables a gentle insertion. The tip is located in the supraglottic re-
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gion enabling observation and manipulation of the vocal folds in the glottic re-
gion.

vocal folds

Fig. 22.4 Sagittal X-ray image of phantom head.

22.5 Conclusions

Laryngeal cancer and in particular vocal fold pathologies demand microsurgical
interventions. Laser phonomicrosurgery is associated with several disadvantages
for both patient and surgeon. Hybridly actuated continuum sections represent a
promising approach to avoid direct laryngoscopy. Laryngeal exposure is achieved
with less interaction forces as well as decreased distance between beam deflecting
device, camera systems, and surgical site.
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23 Soft Components for Soft Robots

Jamie Paik

Ecole Polytechnique Federale de Lausanne

Abstract Typical robot platforms comprise rigid links with fixed degrees-of-
freedom, solid blocks of transmission and actuator, and superficial positioning of
sensors: they are often optimized for the given design criteria but are unable to ex-
ecute instantaneous changes to the robot's initial mechanism design. The real-life
incidences, however, require robots to face complex situations filled with un-
programmed tasks and unforeseen environmental changes. One of the growing ef-
forts in the field that address such juxtaposing design paradigm is soft robotics:
augmentations of “softness” in robots to complement, adapt, and reconfigure to
the contingent assignments. Although the "softness" invokes and relates to many
facets of robot design in both soft and hardware, this manuscript focuses on de-
scribing some critical hardware components. I will present several on going re-
search on actuation and sensor solutions for soft robotics application as well as
novel methods and materials for sensor and actuation integration.

23.1 Introduction: What Kind of Softness?

The general concept of soft robotics stimulates interest from a wide field of scien-
tists for its projection of autonomous systems that can safely conform to the un-
known environment and un-programmed tasks. While the word “softness” attracts
diverse interpretations, it connotes two aspects: intrinsic and extrinsic softness of
the said mechanism. The intrinsic softness signals the compliancy achieved from
the material characteristics where the level of the softness highly depends on the
Young’s modulus (<100MPa) of the main composing material. The extrinsic soft-
ness relates to the increased compliancy of the body and/or end-effector through
mechanism design (i.e. springs, compliant joints). Evidently, a purely intrinsically
soft robot suffers from reduced zero force bandwidth while a thoroughly extrinsic
one has limited reconfigurability large or small. Therefore, for a truly interactive
and soft system, optimal consolidation of both ends of the “softness” spectrum is
crucial, followed by seamless integration of the multiple “soft” components. For
any robotic system, the principal design boundaries come from the mechanical
performance and capacity of the actuator, sensor and the control solutions. In the
following sections, I will focus on actuator and sensor solutions that are feasible
for often unconventional soft robot designs.

A. Verl et al. (eds.), Soft Robotics, DOI 10.1007/978-3-662-44506-8_23,
© Springer-Verlag Berlin Heidelberg 2015



273

23.2 Actuators for Soft Robots

Most conventional actuators maintain the interface with its load as stiff as possible
to maximize the work and control efficiency. For soft robots, reducing or even
eliminating this interface stiffness introduces safety via lower reflected inertia,
more stable force control (although the accuracy could be debatable), less inad-
vertent damage to the environment, the capacity for energy storage, and a high re-
configurability.

23.2.1 Actuators for Multi-DoF Designs

Mechanisms with multiple compliant joints or augmented degree-of-freedom
(DoF) require specific transmissions linked with novel actuators that meet the de-
sign restrictions. There have been examples of modular connection of serial kine-
matic based actuators and / or foldable structures using flexible joints. The serial
kinematic based actuators can have fully actuated joint; however, under-actuated
systems are preferred for reducing the mechanism complexity while enhancing the
flexibility. There are several ways of adding transmission or (under-) actuating
these passive joints: they can either be flexures [1] or springs [2], and pro / antag-
onistic cables, or encapsulated geartrain that are controlled by a single actuator.
Developed in the early 90’s and continuing to evolve, series elastic actuators
(SEAs) provide variable and controllable compliance using mechanical springs /
compliant elements within the serial connection [3-5]. The elongation of the
spring is used as the force measurement. When considering transmission-less ac-
tuations, smart materials like shape memory alloys (SMA) or magneto-, thermo-
rheological fluids [6] that locally modulate the stiffness of joints are attractive
choices. For direct actuation with restrictive body configuration, thermally acti-
vated foldable SMA actuators are effective for various types of 2D origami robots
[7-11]. Depending on the application, the motion patterns are set while SMA wires
[7,8], SMA sheets [9,10], and conductive polymer films [11] actuate the individu-
al joint.

23.2.2 Pneumatic Artificial Muscles (PAMs)

PAMs, also known as Mckibben actuators, are basically pressurized air-filled rub-
ber bladders with valves that control overall range of motion and applied force /
torque: the compliance of the actuator can vary via operating pressure. The most
commonly used PAMs are cylindrical balloons with rigid metal valves and shaft
attachments to ensure the volume to linear displacement transmission [12, 13]. In
order to increase the contraction force, PAMs with embedded fibers in the rubber
air chamber are also introduced [14-16]. While the physics of the actuation princi-
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ple is similar, soft pneumatic actuators (SPAs)’ uniqueness comes from their air
chambers that are entirely made of much softer silicone (PDMS™, Ecoflex™) in-
stead of rubber (about 1/100 of Young’s modulus); therefore, the operating pres-
sure is a fraction of atmospheric pressure making them more compliant and safer.
Owing to the new material and construction, these recent generation of pressure
driven actuators are also highly customizable: their sizes and functionality (range
of motion, compliance, torque / force output, actuation points) can be engineered
by the geometry of the mold while the intrinsic softness can still be addressed via
switching the silicone hardness [17, 18]. SPAs are effective even with fluids in-
stead of pressurized air [19].

Fig. 23.1 Various SPA designs with different mouldings [17].

23.2.3 Smart Material-Based Actuators

There are continuing efforts in using smart materials to create functional actuators
for soft robots: shape memory alloy (SMA), shape memory polymer (SMP), ionic
polymer metallic composite (IPMC), magneto-rheological fluid, and dielectric
elastomers are few of most studied smart materials. Using SMA and SMP as ro-
bot’s body material has enabled researchers to achieve complicated motions and
shape transformations in micro-, meso- and even macro-scale robots. Shape
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memory materials show different behaviour when their environmental condition
changes (for most, thermally active stress-strain behaviour is of the most interest
for their significant mechanical property change). When SMA passes its phase
transition temperature, its phase changes from soft martensite to hard austenite
crystal structure. Also while plastic deformation in martensite form is readily pos-
sible due to the material atomic structure, in austenite phase, the atomic structure
pushes the bulk form of the metal back to its annealed shape. It is claimed that the
secondary shape “memory” can be programmed but for practical meso-scale actu-
ation [20], we focus mostly on a single “memory” shape. SMP shows the same
behaviour and the difference is that it is softer above its glass transition than in its
cold state, and that for meso-scale usage, the strain effect is still minimal relative
to SMAs. The use of SMA wires and coils for making soft robots mimicking the
peristaltic motion of a worm [21] or an octopus arm [22] have attained much at-
tention already. Another application for these materials is using the elastic behav-
iour transformation for making adaptive body structures for robots. An example of
efforts toward using these materials is a meso-scale wing structure with controlla-
ble stiffness joint that can tune its dynamic respond on demand [23]. Other meth-
ods of tuning stiffness such as exploiting phase transition in wax coated polymers
[24] and phase transition in low melting point metals [25] has also been suggested.
Each of these methods has their merits but this variety shows the need for an ad-
justable stiffness structure that can actively tune the joint stiffness, or turn on / off
the existing joint’s DoF.

23.3 Soft Sensors

The ultimate sensors for soft robots are thin, stretchable and robust to reconfigura-
tion of the moving body shapes and tasks. Due to the practical cost of adding sen-
sors, robotic manipulators often lack thorough sensor integration and resort to a
multi-axis F/T sensors at the end effector only. However, a truly conforming, safe
and interactive soft robot would require sensors that are soft (stretchable), robust
and small enough to be embedded, distributed directly on the robot body. The
physical limitations of the sensor material contribute majorly to the difficulties in
the fabrication and embed-ability of bendable sensors, let alone stretchable sen-
sors. To overcome this challenge, some of the latest methods are: optimizing hard
materials’ geometry (aspect ratio, patterns, slits), experimenting with different
conductive material, and embedding discrete sensing elements within soft matrix.

23.3.1 Soft Geometry for “Hard” Conductor

Simply put, strain gauges are a standard example of sensors that have an elevated
compliancy and resistive sensitivity due to its planar geometry: dense serpentine
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shape allows the metal layer to remain flexible. By introducing various types of
serpentine patterns, the metal layer can have different sensitivities toward local-
ized curvatures, linear strain, and pressure via resistance change in its effective
conductivity. When optimizing geometric patterns, it is not limited to planar sur-
face but also in 3D (the serpentine pattern can be pre-strained to come out of the
plane [26]). Stretchable metallization prepares electrodes and conductive tracks;
the gold film covered with PDMS shown in [27] stretches up to 20 % of its initial
size and measures a pressure up to 160 kPa.

23.3.2 Conductive Material

A practical way of using conductive material for soft sensors is to make an effec-
tive conductive path with a cross-section that would be sensitive to different me-
chanical loading. There are sensors made of an elastomer with embedded micro
channels filled with conductive liquid [28-30]. Upon loading, the electric re-
sistance changes with the deformation of the cross-section areas of the micro
channels. Multi-axis strain, bending curvature, normal forces and in-plane (shear
forces) can be measured as well [29, 30]. Carbon nanotube composite thin films
have been used as the active sensing material in [31] and these sensors can be
stretched up to 2.5 %. Conductive polymer based sensors have better sensitivity
than the metallic foils while being more flexible. The gauge factor (GF: relative
resistance change to the mechanical strain and indicates the sensitivity) of these
sensors is 50-100 and 2-5 for the metallic foil sensors. Commercial sensors such
as Flexiforce®, Bend Sensor®, Bi-Flex Sensor™ also use conductive polymers.
Crystalline silicone has been used in [32] which has an active area of 410 x 410
um’. The overall size of the sensor is 63 x 63 mm? x 50 wm (thick) with GF of 8.5.
Piezo-resistive sensors that use intrinsic piezoelectric effect of the polymer pro-
vide the resistance change when subjected to deformations. PeDOT(poly(3,4-
ethylenedioxythiophene) and conductive ink have been used in [33] which has a
GF of 2.48. A micro-structured silicon with DuPont Kapton is used in [34] with a
large GF of 43.

23.3.3 Discrete Sensors in Soft Matrix for Distributed Sensing

When the softness of a sensor is limited by the material property, and if the com-
ponent size is relatively small, the overall softness can be augmented by embed-
ding sensing receptor in a softer matrix. Once the hard “pixel” receptors are em-
bedded in the soft silicone matrix, upon mechanical loading, the receptors provide
an electrical output. For this application, piezoelectric materials are desirable for
their high sensitivity (15 — 65 nm/V) and consistency under mechanical loading.
They are micro-machinable for easy distribution in different size and shape of ar-
rays. Also compared to conventional strain gauges, signal conditioning is easier
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especially in applications where there are low strains and high noise levels [35].
These are attractive characteristics for applications in wearable and embeddable
structures where precise measurement with robustness is required. However,
Young’s modulus of piezoelectric material is high (2.5 — 63 GPa) and they are
very brittle: conditions not ideal for relatively small loading. What we found,
however, after embedment in the silicone membrane, the sensitivity is increased
due to the large shear loading on the receptor surface [36, 37].

Polysilicon piezoresistive materials are used as strain gauges in many MEMS
devices to measure the deflection of a micro-machined deformable structure [38-
40]: although these materials are robust, have low cost of fabrication, and have a
higher gauge factor compared to metal alloy strain gauges, they show nonlinearity
with hysteresis. Piezoelectric ceramics (PZT) and piezoelectric polymers such as
polyvinylidene fluoride (PVDF) [41-44] are mostly used materials for pressure /
force measurements with the piezoelectric effect. To compare PZT and PVDF as
sensing receptors, PZTs are less expensive, easier to fabricate, have a high dielec-
tric constant, and provide better electromechanical transformation. However, they
are highly brittle. PVDFs are very flexible but have a higher cost of fabrication
(easier with nm wavelength UV laser), lower dielectric constants, lower electro-
mechanical transformation and more signal conditioning for their voltage outputs
to be used as a sensor. These sensors are supposed to provide sensing in large are-
as with distributed arrays.
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Fig. 23.2 The Sensible Skin with distributed piezoelectric elements embedded in a soft silicone
matrix. The graph shows the modulation of stress depending on the input force between the PZT
pixels [37].
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The minimum distance between each piezo receptor depends on the stress dis-
tribution are shown in Fig. 23.2 while Fig. 23.3 displays how commercial flexible
sensors would look when embedded in the silicone matrix (with PZT receptors,
the measuring pixel size can go down to 1.5 x 1.5 mm?). The matrix material
property determines the stress distribution and dictates overall sensitivity and the
resolution of the sensing surface.

Lottt 1T

Fig. 23.3 Bending sensors embedded in 500 um thick silicone matrix: a. Flexpoint™, b. piezo
film, c. Bi-flex sensor ™ [18].

23.4 Conclusions

The foremost hardware challenge of the soft robotics is exploring new solutions
toward improving machine-human interaction: this can further be described as
task and environmental compliancy, and safety. The need for the new components
for soft robots prevail as the community still seeks for the optimal solution toward
actuation, sensing, and control as well as total integration. This manuscript de-
scribes the concurrent research efforts on soft actuation and sensing with promis-
ing results, but the remaining challenges are still vast. Now, the investigation of
the material and mechanical design from the conception of the robot is the key
importance. The application specific functional requirements, the fabrication pro-
cess of each component must be revisited and refined: this process is particularly
important for investigating novel control methods and computational techniques.
The design and simulation tools will greatly contribute toward improving the de-
sign-fabrication-integration iterations that are undoubtedly labour and experimen-
tally intensive. The technology and research development toward the mentioned
soft components will not only advance the robotics community but also neuro-
prosthetics, materials engineering, chemical engineering, computer sciences and
medical studies.
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24 Soft Robotics for Bio-mimicry of Esophageal Swallowing
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Abstract The field of soft robotics is continuing to expand into exploring the
possibilities for novel, non-skeletal, transport and locomotion systems inspired by
biological phenomena. Application of these techniques toward development of an
anthropomorphic esophageal swallowing robot requires overcoming of many soft
robotic design and characterization challenges. Additionally, soft-robots require
vastly different methods of specification and validation than traditional robots, as
they typically exhibit less well-defined degrees of freedom. This chapter reveals a
series of novel methods to: establish interdisciplinary specifications for the esoph-
ageal swallowing process, develop a soft robotic analogue in the engineering do-
main, and demonstrate its capability.

24.1 Introduction

Biomimetic engineering has become increasingly more popular as scientists and
researchers embrace inspiration from biological forms to solve synonymous prob-
lems in the engineering domain. This has seen the emergence of new research
fields which embody features observed in nature to provide elegant solutions to
complex problems. The emergence of soft-robotics is a result of this trend, where
the continuous actuation and sensation, as well as the high degree of freedom be-
haviors, of organisms and their tissues are explored.

Inspiration for soft robotics stems from the identification of useful engineering
features, and their application domain. In the human body, for example, peristaltic
transport is a common fluid transport technique, which occurs in the ureter, and
throughout many regions of the digestive tract. The concept of peristalsis has been
explored and implemented in the engineering field for a variety of applications
based on transport metrics. However, these devices exhibit limitations with the
continuity and uniformity of fluid deformation, which has led to empirical, physi-
cal, evaluation of these behaviors being held back. This has predominantly been
caused by actuation challenges, which have prevented establishing biomimetic ra-
dial occlusion of a linear peristaltic pumping conduit. Thus, inspired by the peri-
staltic transport technique of esophageal swallowing, specification and develop-
ment of a soft, biomimetic, swallowing robot was conducted to address these
issues.

A. Verl et al. (eds.), Soft Robotics, DOI 10.1007/978-3-662-44506-8_24,
© Springer-Verlag Berlin Heidelberg 2015
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The concept of developing biomimetic swallowing robots had seen significant
research interest, towards understanding swallow efficacy, modelling, and provid-
ing a new platform for medical training. The oral and pharyngeal phases of swal-
lowing have commanded the most attention, especially by the pioneering works of
Kobayashi et al. [1,2] and the subsequent robotic swallowing system by Noh et al.
[3] which annexes their airway management research. It is observed in both in-
stances that the actuation is undertaken by wire-driven methods which exhibit dis-
crete surface contact, though both embody the continuity of the tissue surface,
with the lumen being of a single material. Modelling of the esophageal peristaltic
technique by [4] applies discrete shape-memory-alloy actuation to a series of axi-
ally arranged elements, which facilitate a semi-continuous and distributed actua-
tion. The actuation is unidirectional in that the device occludes in a single dimen-
sion. Biomimetic exploration of the bowel region of the digestive tract by Suzuki
et al. [5] more closely emulates the radial nature of biologic peristalsis, where
pneumatic actuation offers distributed and compliant behavior. Each axially ar-
ranged element of the system exhibits promising actuation behavior. However,
rigid skeletal elements that bind these elements together prevent the device from
achieving a continuously propagating peristaltic occlusion.

The field of modelling peristaltic organs of the human body is becoming in-
creasingly anthropomorphic with advances in actuation technology. The con-
straints, limitations and requirements of a compliant, biomimetic, peristaltic, swal-
lowing-robot are synonymous with the emerging possibilities of soft robotic
actuation. This chapter addresses the interdisciplinary communication of these
concepts into the engineering domain to exploit soft robotic techniques to develop
a robot which can bio-mimetically investigate the interaction between food bolus-
es and the swallowing conduit. The resulting robot is of a continuous architecture
with distributed actuation, inspired by the layout of muscles around the biological
conduit. The processes of actuator specification, design, fabrication and character-
ization are clarified to communicate the solution architecture and address current
challenges in developing and measuring continuous, soft robotic, behaviors.

24.2 Interdisciplinary Specifications

Peristaltic actuation of the esophagus results from the coordinated rostro-caudal
recruitment of circular and longitudinal muscle fibers. To communicate this be-
havior into the engineering field interdisciplinary specifications are developed in
order to facilitate arbitration of modelling assumptions, while still capturing the
salient process features.

The esophagus can be viewed as a linear, continuous, and soft peristaltic pump-
ing organ which transports food boluses from the pharynx to the stomach. It is
typically 20-26 cm in length and has a comfortable maximal distension diameter
of approximately 18 mm (subjects report pain for distensions on the order of 20-
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22 mm) [6]. It represents the last phase of the swallowing process which actively
transports boluses at an axial velocity of between 2 and 4 cm/s [7]. The conduit
does not depend on a skeletal structure for its actuation effort, and instead con-
stricts on itself via the circular muscles that surround its axis. This behavior is im-
perative for an engineering analogue, where the muscle system draws the conduit
wall together radially.

Medically, the esophageal swallowing process is investigated by manometry,
videofluorography, endoscopy, and intraluminal ultrasound [8]. The manometric
and videofluorographic techniques are considered the ‘gold standard’ measure-
ment techniques [9,10] and are commonly applied simultaneously as the pressure
and geometrical behaviors are complementary, and both are required to fully in-
terpret bolus transit. It is found that, for primary peristalsis, boluses travel ahead of
a single peristaltic wave, which propagates in a continuous, compliant manner.

Peristaltic transport models in the mathematical field typically describe the
wave profile as having trigonometric radial amplitude of the root form (24.1).

a xX—ct
H(x,t)=¢+—|1—cos| 2x 24.1
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This facilitates a continuous description of the surface from a series of parame-
ters such as minimum radius (&), wave velocity (c), amplitude (¢ ) and wave-
length ( A ) with respect to axial displacement (x) and time (t). These models are
then used to predict intrabolus pressure profiles for materials with differing rheol-
ogy. The parameters of these models share many similarities with medical meas-
urement and interpretation of findings in the clinical context. The mathematical
models have been applied generally to peristaltic systems, and specifically to
modelling esophageal swallowing. Following this method facilitates analytical ex-
pression of the wave trajectory and in future, will allow for comparison between
interdisciplinary findings.

Embodiment of the esophageal swallowing process arises from knowledge and
inspiration from the medical, food science and mathematical modelling fields. The
quantitative and qualitative measurements and observations are used to serve as
targets for biomimetic, soft robotic behavior. The exploration of these concepts in
the engineering domain contributes understanding back to these fields about the
peristaltic transport process, as well as generalizing the concepts for application in
engineering disciplines.

24.3 Actuator Design and Manufacture

The largest obstacles to achieving biomimetic peristaltic transport of a radial na-
ture have been in the development constraints of actuators, which prevent them
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from being able to orchestrate continuously propagating waves with compliant be-
havior. Soft robotics techniques are ideal for such applications as they exhibit dis-
tributed actuation and continuous output. The sequential rostro-caudal peristaltic
technique of muscle activation in the esophagus, and study of current peristaltic
device architectures inspired a regular and repeating structural architecture in the
axial aspect. In order to achieve biaxial occlusion a rotationally symmetric design
(about the conduit axis) was proposed.

The tissues of the esophagus undertake large deformations when they occlude
the conduit. Thus, the materials and actuation technique are required to withstand
similar conditions. A plausibility study of soft robotic actuation techniques was
undertaken where the advantages of pneumatic actuation upon elastomer materials
became evident. However, the discrete nature of pneumatic chambers in previous
peristaltic devices had led to discontinuity of actuation. The axially arranged skel-
etal elements used to bound actuation segments both exhibit different architecture
and capability than the biological system. The current swallowing robot (Fig.
24.1) exploits elastomeric division of chambers which can stretch and expand,
which additionally facilitates co-actuation of neighboring chambers.

This development concept overcomes the intrinsic difficulties experienced by
previous robotic devices, and significantly increases the biomimetic possibilities
of the robot. The swallowing robot is cast from Ecoflex 00-30, a commercially
available, two-part, silicone rubber material. It has 48 embedded pneumatic cham-
bers which are arranged in 12 axially distributed whorls of four which inflate to
occlude the conduit. This structure was favored over a single ring-shaped chamber
at each level due to the increased passive luminal opening force. Additionally, it
causes initiation of wall buckling in an organized manner, which is required to
achieve occlusive motion of the essentially incompressible silicone rubber materi-
al.

The casting process is undertaken in five stages where the central actuator,
chambers, and swallowing conduit are cast in a single stage. The remaining four
stages are to seal each of the chambers and provide pneumatic inlet nipples for in-
flation. The sealing casts are undertaken by placing the actuator on a bath of sili-
cone rubber, where the mating surfaces bond as the material cures. The molds and
housings are each rapid prototyped from plastic by the 3D extrusion printing
method. The pneumatic chambers push off the housing structure to cause the oc-
clusive peristaltic motion which mimics muscle activation.

Each whorl of chambers is connected to a single pneumatic inlet, resulting in a
12 input device. A supporting electro-pneumatic interface consisting of 12 pres-
sure regulating proportional valves (ITV0030) and control logic is used to assert
the robot, with independent, continuously variable, pressures. This facilitates
achievement of many different deformation characteristics, which can be cycled
through to develop propagating peristaltic waves.



286

Fig. 24.1 Peristaltic swallowing robot (left) and control system (right). The internal swallowing
conduit is vertical, halfway between the two handles on top. The four chambers in each of the 12
whorls are connected circumferentially (horizontal).

24.4 Experimental Characterization

In order to achieve the aforementioned specifications, and develop an open-loop
model of the swallowing robot, the wave seal pressure and geometrical defor-
mation require investigation. These parameters are synonymous with similar
measurement practices in the medical field. The sensor locations and actuation
concepts are demonstrated in Fig. 24.2.

In previous swallowing robotic models, the medical technique of videofluorog-
raphy is used as an experimental method. However, the nature of this technique
results in a silhouette view, not necessarily in the axial plane. In order to overcome
this, a 3-dimensional location and orientation sensing process called articulog-
raphy was used to measure the surface displacement.

Experimental characterization of the swallowing robot was conducted under
dry-swallow conditions, where no bolus was present, and hence, there was no in-
tra-bolus pressure signature. The trajectory was designed such that the pressure for
three adjacent chambers either decreased or was equal to that of its neighbor in the
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direction of wave transit. This method guaranteed reliable single inflection waves,
which is synonymous with the sinusoidal geometric specification inspired by
modelling in the mathematic field.

H(x,t) —» Intrabolus Pressure
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Fig. 24.2 Location of articulography sensors for radial displacement measurement and manom-
etry catheter for wave seal and intra-bolus pressure measurement.

The characterization data represents an empirical model of the device behavior
which can be exploited to generate desirable trajectories. Articulography meas-
urements, of the surface deformation, and manometry, investigation of the wave
tail seal pressure, were undertaken separately due to the incompatibility of using
manometry in the resonating magnetic field of the articulograph, as well as inher-
ent access issues with a large number of sensing devices in the small conduit.

The model undergoes a transition, from geometric to pressure output, after the
conduit wall moves through its maximum displacement to contact the opposing
wall at the center of the peristaltic conduit. At this point, increasing pressure in the
pneumatic chambers can displace the wall no further. This results in equal and op-
posite occlusive forces of the conduit wall, which achieves a wave tail seal.

The methods and findings of manometry and articulography, the interdiscipli-
nary experimental procedures, are clarified in the following sections. These tech-
niques are inspired by medical practices surrounding investigation of the swallow-
ing process in the human body.

24.4.1 Manometry Method and Findings

The wave tail seal is a salient feature of the esophageal swallowing process, which
prevents the bolus from passing behind the wave and propagating in the wrong di-
rection. The robotic swallowing conduit is manufactured in a distended state,
which requires pneumatic pressure to deform the device into the occluded mor-
phology. Thus, there exists a minimum pneumatic pressure to achieve wave tail
seal pressure.

The wave tail seal was investigated for assertion of a single whorl of chambers
with a resolution of 15 divisions over the range of 50 - 72 kPa. It was found that
the wave tail pressure transition zone occurs between 60 - 64 kPa of pneumatic as-
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sertion where additional pressure results in no geometric motion of the wall, just
an increase in occlusive pressure. This experiment was conducted 10 times, which
demonstrated repeatable and reliable results (Fig. 24.3)

The occlusive pressure throughout human swallowing is on the order of 15 kPa
[11] which presents a minimum for the swallowing robot. It is observed (Fig.
24.3) that the swallowing robot is very capable of such wave seal pressures, reach-
ing this magnitude quickly across the geometry/seal transition zone.
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Fig. 24.3 Relationship between wave seal occlusion pressure and pneumatic pressure. The geom-
etry/seal transition zone is identified where there is a significant change in gradient from light
contact to large positive seal [12].

24.4.2 Articulography Method and Findings

The displacement behavior of soft robotic devices is challenging to characterize
due to the continuous nature of their deformation, and resulting high degree of
freedom. In order to investigate this behavior the technique of articulography was
used, where small sensors of 4 mm diameter are placed on the luminal surface.
These were spaced approximately 7.5mm apart in the axial dimension, at the cen-
ter and border of 3 whorls of chambers. The dimension of the sensors is the same
as the diameter of the manometry catheter, which means that their finite size can
be neglected; the same datum will be used for all experimentation.

Pneumatic pressure was asserted into the three adjacent whorls of chambers to
explore all combinations of P, > Pg> P with a resolution of 20 divisions over the
range of 0 - 71.5 kPa. The sensors were supported against the surface with a pres-
sure of 3.6 kPa. Each combination was held for one second, before moving to the
next. This allowed the pneumatic system to stabilize and achieve a steady result.
The displacement behavior of the sensors for constant pressure P, = 71.5 kPa, and
variable pressures Py and P exhibits an intrinsically non-linear relationship be-
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tween pressure and displacement (Fig. 24.4). This is due to the non-linear stress
strain behavior of the silicone rubber elastomer material, and the co-operative ac-
tuation behavior of asserting adjacent whorls of chambers.
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Fig. 24.4 Displacement of sensors in the radial aspect, showing the remaining conduit diameter
in response to pneumatic actuation with P, = 71.5 kPa, and pressures Py and Pc¢ as indicated.
These combinations exhaustively investigate P > Py > P¢ with a resolution of 20 divisions over
0-71.5kPa

It is observed that sensors F and G remain at a completely occluded displace-
ment as the pressure in chamber whorls B and C (P and P() are varied, which is
due to the high pneumatic pressure in whorl A (P, = 71.5 kPa). This is synony-
mous with the understanding gained from manometry where 71.5 kPa is above the
pressure required at the geometry/seal transition zone (60-64 kPa). The co-
actuating nature of the robotic device is also evident: where sensors A-E also ex-
hibit displacement for actuation only in one chamber. This behavior inherently
non-linear and is challenging to theoretically model, which are the motivations for
empirical investigation and characterization.
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24.5 Discussion and Conclusion

The specification, design, and characterization methods towards development of
the soft-robotic peristaltic swallowing robot address different soft-robotic design
challenges, from abstraction to application. Medical displacement and pressure
measurement techniques have been found to be promising methods of investiga-
tion in the soft robotic space. This has been exacerbated by the bio-mechatronic
demands of the research, as well as the motivation to develop biomimetic swal-
lowing trajectories. This brings the model, and bio-mechanical understandings of
the swallowing process closer together to facilitate interdisciplinary knowledge
transfer.

The manometry and articulography methods offer complementary information
as to the behavior of the novel peristaltic swallowing robot. These methods, de-
veloped for measurement of the human body, are particularly suitable in this do-
main as comparisons can be made between results measured in the biological and
engineering systems. However, their main advantage is that they are designed to
interact with soft tissues which undertake synonymous processes. This concept of
using medical techniques in the soft robotic field may inspire many novel charac-
terization methods for soft robots of differing origin. This class of robotic device
requires new measurement and investigation techniques compared to their rigid
robotic counterparts.

The characterization of this particular robot was undertaken to clarify the inde-
pendent geometric and pressure behaviors in response to pneumatic actuation. The
empirical method represents a basis for open-loop behavior description, as testing
was conducted under dry-swallow conditions (without transporting a bolus).

In future, the swallowing robot is proposed to be applied as a tool to investigate
swallowing of bolus materials, externally to the human body. In order to achieve
this, its capabilities will be enhanced with additional self-sensing capabilities for
pressure and geometry which can measure and model the device behavior online.
It is anticipated to find application in the medical and food technology fields as a
novel bolus investigation tool. The research initiative continues to build on the
emerging concepts in the field of biomimetic, soft robotics.
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