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Aims & Scope

Biosystems & Biorobotics publishes the latest research developments in three main areas:
1) understanding biological systems from a bioengineering point of view, i.e. the study of
biosystems by exploiting engineering methods and tools to unveil their functioning principles
and unrivalled performance; 2) design and development of biologically inspired machines
and systems to be used for different purposes and in a variety of application contexts. The
series welcomes contributions on novel design approaches, methods and tools as well as case
studies on specific bioinspired systems; 3) design and developments of nano-, micro-,
macrodevices and systems for biomedical applications, i.e. technologies that can improve
modern healthcare and welfare by enabling novel solutions for prevention, diagnosis,
surgery, prosthetics, rehabilitation and independent living.

On one side, the series focuses on recent methods and technologies which allow multiscale,
multi-physics, high-resolution analysis and modeling of biological systems. A special
emphasis on this side is given to the use of mechatronic and robotic systems as a tool for basic
research in biology. On the other side, the series authoritatively reports on current theoretical
and experimental challenges and developments related to the “biomechatronic” design of novel
biorobotic machines. A special emphasis on this side is given to human-machine interaction
and interfacing, and also to the ethical and social implications of this emerging research area, as
key challenges for the acceptability and sustainability of biorobotics technology.

The main target of the series are engineers interested in biology and medicine, and
specifically bioengineers and bioroboticists. Volume published in the series comprise
monographs, edited volumes, lecture notes, as well as selected conference proceedings and
PhD theses. The series also publishes books purposely devoted to support education in
bioengineering, biomedical engineering, biomechatronics and biorobotics at graduate and
post-graduate levels.

About the Cover

The cover of the book series Biosystems & Biorobotics features a robotic hand prosthesis.
This looks like a natural hand and is ready to be implanted on a human amputee to help them
recover their physical capabilities. This picture was chosen to represent a variety of concepts
and disciplines: from the understanding of biological systems to biomechatronics,
bioinspiration and biomimetics; and from the concept of human-robot and human-machine
interaction to the use of robots and, more generally, of engineering techniques for biological
research and in healthcare. The picture also points to the social impact of bioengineering
research and to its potential for improving human health and the quality of life of all
individuals, including those with special needs. The picture was taken during the
LIFEHAND experimental trials run at Universita Campus Bio-Medico of Rome (Italy) in
2008. The LIFEHAND project tested the ability of an amputee patient to control the
Cyberhand, a robotic prosthesis developed at Scuola Superiore Sant’Anna in Pisa (Italy),
using the tf-LIFE electrodes developed at the Fraunhofer Institute for Biomedical
Engineering (IBMT, Germany), which were implanted in the patient’s arm. The implanted
tf-LIFE electrodes were shown to enable bidirectional communication (from brain to hand
and vice versa) between the brain and the Cyberhand. As a result, the patient was able to
control complex movements of the prosthesis, while receiving sensory feedback in the form
of direct neurostimulation. For more information please visit http://www.biorobotics.it or
contact the Series Editor.
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Developing. Support. Technologies.

Athanasios Karafillidis and Robert Weidner

The relationship of humans and technology has changed significantly during the last
two decades. It has become closer and multiplex—that is, technology has moved
closer to the human body and their interconnections have become entangled and
diverse. In this vein, technology is envisioned as being able to support or assist human
beings more profoundly than ever before. This change has occurred incrementally and
is still in progress. It has led to a diversification of possible application areas, a shift
in the landscape of innovation projects, and a different perception of technological
possibilities in general.

The reasons for this change are manifold. Big societal trends like globalization,
individualization, disruptive technological innovations, and demographic pressures
are no doubt important for explaining the change in human—technology relations.
All of them push political agendas and channel research funds. But when it comes
to an understanding of these transformations, they only yield a universal interpre-
tive frame. The recently enforced closeness and multiplexity of human—technology
relations are much better understood when taking into account the expanding con-
nectivity, the distribution and increase of computational power, and the plummeting
costs of material components and production. Their combination has a high impact
on further technological possibilities, but also on the perceptions, needs, and expec-
tations related to technology.

However, this is still only a part of the story. The shift of the relevant relationships
is not only a response to such technical or social pressures outside of innovation
projects. It is also an inside job. The myriad micro-processes unfolding in the world’s
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engineering laboratories, in thousands of projects, and in the corporations’ research
and development departments day by day bring forth different and new relations
of humans and technologies. Political claims, technological possibilities, funding
interests, scientific progress, legal regulations, cultural images, or market-driven
demands no doubt influence them deeply. But societal expectations and demands
with regard to technology are themselves profoundly shaped by the very form of
organization, the underlying beliefs, and the approaches used in the relevant projects.
Thus, the internal reason, as it were, for the observable shift is the advent of a different
style of developing technology. This book will argue that the idea of support dwells at
the center of this shift. It has spawned technological devices that are conceptualized
and built with the explicit intention to serve the needs of individuals at work and in
everyday life. The objective of this volume is to expound how this is done in detail
and what needs to be considered to be able to proceed in a successful as well as
responsible way.

Usually, this is considered as the domain of human—machine interaction (HMI).
Yet this approach is not equipped to handle the practical, ethical, social, and also
technical issues involved. The main lines of this classic program are confined to the
interaction of separate units—albeit we are dealing with different forms of entan-
glement already that blur habitual boundaries and give rise to hybrid entities. Thus,
the crucial difference made by a technology that is expected to support, assist, or
help people remains obscure when simply seen through the lens of HMI. In contrast,
conceiving any human—machine or human—computer interaction and collaboration
as support relation gives way to a new approach that certainly draws on the rich
tradition of HMI but advances beyond its limitations.

Up to now, discussions about support technologies—from autonomous robots
to monitoring systems, wearables, and implants, both in forms of simple tools and
complex gadgetry—are preoccupied with engineering issues. It is supposed that if
the invented devices are intended to support people, they will do so automatically.
This is misleading. No engineering and no design can stipulate the purpose of a
device uniquely and unequivocally. A technical invention has to be understood as
only one part of a wider support system that also comprises organizational, physical,
ethical, legal, and cognitive components. Therefore, the future challenge in research,
construction, implementation, and deployment of such systems is twofold. On the one
hand, theories and concepts have to be developed accordingly in order to generate
fresh, diverse, and surprising perspectives on the relevant problems. On the other
hand, new methods and forms of collaboration and evaluation are required to integrate
and implement these ideas—in other words, to provide the requisite contexts in which
they might grow and get the chance to be cherished and become successful.

This book brings together scholars from heterogeneous disciplines and research
fields like biomechanics, engineering, social science, psychology, law, and philoso-
phy to meet this twofold challenge. It integrates both different conceptual perspec-
tives and issues of interdisciplinary development in one volume and sometimes even
within single chapters. Since it tries to account for the complex and intertwined tech-
nical, social, cognitive, and ethical contexts of technology development and design,
this volume gives an idea of how responsible research and innovation is currently
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realized in developing support technologies. Strictly speaking, the whole endeavor
is not about bringing technology to the people. It is about finding ways to design and
evaluate technology in tune with the people so that it finds its way to the them in the
course of the process—and vice versa.

sksksk

“Developing Support Technologies” is not just some title for this book but rather
signifies a research program in a nutshell. The following explanation of the ideas
and associations of this title will unfold its main characteristics and substantiate the
book’s main purpose as well as some of its contents and contentions.

1 Developing—A New Field, a Form
of Design/Construction, and Transdisciplinarity

“Developing Support Technologies” has a double meaning that must be considered.
On the one hand, “developing” has an active meaning in the sense of bringing tech-
nologies forth by designing/constructing, building, and evaluating them. This refers
to the setting that there are teams of developers, mostly within departments of profit
or non-profit organizations, who work on the implementation of concrete techni-
cal solutions for certain specified applications and are preoccupied with managing
technical uncertainties [Moh17, Ger15]. On the other hand, “developing” refers to a
developing field, a new and therefore necessarily incomplete and sometimes fragile
strand of technology and its accompanying societal and organizational uncertainties.
This refers to support technologies as a developing area within society in general
and engineering in particular [Ois10, Binl7].

The twofold understanding of the title unites the two scientific cultures of engi-
neering on the one hand and the social sciences and humanities on the other. Depend-
ing on their scientific background, people read the title in one of these two different
meanings. The observable division of work between them does also transpire roughly
along these lines. Social science and humanities are more focused on the develop-
ing field or certain parts of it and ascertain the accompanying structures and their
societal embeddings, while engineering pays more attention to finding feasible and
reproducible technical principles that lead to viable, reliable, and tangible material
results. Although this kind of division of labor and interest with regard to technol-
ogy exists, these two groups of disciplines have been getting closer recently since
it became obvious that support technologies need to function technically as well as
socioculturally. A device that does not work in a technical sense will not be accepted,
but a device that triggers fear or requires specialized knowledge or clothing will not
“work” either—or will only be accepted under certain conditions or by particular
groups. To be sure, this holds for any technology, but the advent of support tech-
nologies (also called assistance technologies prematurely) has altered the relevant
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perspectives. The sociocultural embedding of technology has now become explicit. It
is not only accounted for in hindsight but before and during development. The social
sciences and humanities are now considered as an important part of the development
process more frequently—many remaining obstacles notwithstanding [Vis15].

To develop technology proper has been and still is, to be sure, the work of
engineers. They conceive, design, construct, test, and improve composite devices,
machines, and systems until they meet the defined requirements. But when it comes to
support technologies, this classic form of development is expanded. First, the focus
on people with their impression on what counts and their expression of demands
alters the technical search for suited materials, proper joints, or adequate program-
ming and favors quickly adaptable devices and simple, intelligible controls. However,
the requisite requirements can not be defined once and for all. They are refined and
redefined during development on many levels [Suc07, p. 278]. Second, the sequence
of development from conception to implementation is not fixed or linear anymore
but supplanted by parallel and circular processes. Classic waterfall models of project
management have not disappeared, but they fulfill a different function: They provide
a rough orientation and legitimize the approach vis-a-vis third parties, like investors
and funding agencies. Yet progress in the actual everyday work of research and devel-
opment is not achieved by sticking to some plan. Mixing up the diverse structures and
managing their dissonance allows for an organizational responsiveness [Sta09] that
is part and parcel of developing support systems. Third, an augmentation of classic
development occurs simply because many more diverse people are involved than
before—with various disciplinary backgrounds but also without any academic inter-
est: especially potential users, corporate groups, businesses, social media publics,
and further stakeholders.

In short, developing support technologies involve/involves participation, interdis-
ciplinarity, and new organizational forms [Bro15]. The true concept for this threefold
augmentation of classical development processes is transdisciplinarity: New forms
of collaboration have to be found between various scientific disciplines and also
between them and potential users, interested citizens, and project partners. To sum
up, speaking of developing support technologies entails a double perspective and
transdisciplinary approaches to collaboration.

2 Support—Different Forms, Structural Properties,
and Antithesis to Substitution

The term “support” might sound a little odd in times when most technologies in this
vein are labeled as “assistive.” Most of the time these two are used synonymously, but
their difference matters. In our conception, support is the generic term. Assistance
and help are particular subcategories of support that require distinctive situational
structures [Karl7]. Assistance occurs when a task is divided into subtasks and the
situationally participating entities, e.g., human individuals and technical devices,
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are assigned different subtasks in a complementary fashion. Think of the assistant
of a CEO or the assistant devices built into modern cars as examples of such a
complementary form of support. A tool, in contrast, does not “assist” its user. Even
just saying it sounds awkward. Yet there is no doubt that a tool provides support. Also,
a mother does not “assist” her children but supports or even helps them wherever
possible.

Whether a gadget assists or helps is negotiable and proves to be crucial for its
design and acceptance. An exoskeleton enabling a movement that otherwise would
be impossible does not assist the individual but rather helps, because it is granted
the control over the activity to constitute the movement after all—when help is
understood as a form of support that passes the control of the activity in question to the
helping entity. When a different exoskeleton is designed to decrease musculoskeletal
stress, it supports an activity that could also be performed without it. In this case,
neither exactly “help” nor “assistance” do apply for a proper characterization of the
unfolding process. Still, it is providing support.

Two general structural properties of support situations (comprising assistance and
help) are observer dependence and asymmetric relations. If technology development
is attentive to human needs and societal acceptance, it must not ignore that the provi-
sion of support lies in the eye of the beholder. This concerns questions about who or
what is supporting whom but also whether somebody is assigned support or rather
asks for it. Interests, interpretations, and contextual conditions of the observing agen-
cies (i.e., individuals, groups, organizations or other social systems, maybe robots)
might lead either to a fierce rejection or to a passionate use of the support system.
The other point in case is asymmetry. The development of support technologies must
be aware that any support introduces some asymmetry between the supporting and
the supported unit, which cannot simply be programmed and settled purposefully in
advance [Suc07, pp. 268-269]. Which form of asymmetry prevails in the end can
only be identified in frequent field tests and painstaking observation of real use cases
in the wild. Often, the time factor of development projects thwarts such a thorough
investigation. Yet, first steps into this direction can be clearly recognized. The impor-
tance of iteration and external feedback for constructing both responsibly according
to human demands and successfully with respect to acceptance has already been
realized indeed—albeit there is still way to go for a wider acknowledgment.

In addition to the distinction of different forms of support and the structural
properties of support situations, there is a third significant aspect of the “support”
component in the book title. Support is, as it were, the antithesis to substitution.
Until recently, the sometimes hidden but mainly overt curriculum and objective of
technology development has been automation, that is, the substitution of human
workforce by machines. The reasons were economic in most cases, like increased
productivity, effectivity, and efficiency but also better product quality, less mistakes,
improved ergonomic conditions, and not least, to be sure, honorable ambitions to
spare humans doing dangerous, risky, and strenuous work.

Many positive effects of automation could be enumerated, and the downsides
are also well known [Forl5, Car14]. It remains a moot point, whether the positive
and negative aspects of automation balance each other or not. However, there is an
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intriguing issue that is more constructive in nature than any debates about loss or gain
of jobs. It concerns less the paradoxes, glitches, or unintended effects of automation
but rather its pragmatic and practical limits. Certainly, there are a lot of engineers
and entrepreneurs who expect that someday any task and activity can be automated.
Maybe they will be proven right some day, but this is not the case in point at all. The
crucial question is, how we should invest our time and resources to find adequate
solutions for the limits and problems we currently face.

Engineering research in automation remains important and will no doubt con-
tinue. But it should not happen in expense of finding solutions that integrate the
skills and awareness of humans with suitable technology. It is important to note
that this “integration” exceeds the ideas of interaction and collaboration prevailing
in automation engineering. Investing in support technologies receives rightly more
attention because when it comes to developing new technology, the substitutionalist
paradigm has reached certain limits. Many tasks and activities will not be amenable
to automation for a long time to come. For example, anybody who has experienced
existing robots for elderly care does immediately recognize this. By implication,
human beings will remain pivotal for value creation in plants as well as other for-
mal organizations. Physical skills and human awareness will become even more
important in future value chains. Whatever the hopes projected into some indetermi-
nate future: with respect to complex assembly tasks, evaluation, sensorimotor skills,
judgment, discretion, the recognition of opportunities, diversity, quick adaptabil-
ity, heedful perception of weak signals, or situational awareness human beings will
remain indispensable.

In short, developing support technologies is/are contingent on a closer inspection
of the structural conditions of support and their subtle nuances. Support is the proper
answer to the practical limits of automation and to the substitution of human work. To
sum up, developing support technologies entails to realize that the creation of value
and values as well as the evaluation of situations and opportunities cannot abstain
from cognition, that is, both awareness and sensorimotor skills.

3 Technologies—Innovation, Customization,
and Modularity

Support systems transcend mere technological devices that are devised to assist
or support human activities. Yet, the focus on developing support technologies is
crucial. Having a techno-material structure available or at least imagining some
materially tangible device allows to summon all interested participants effectively
[Sta89]. It provides a powerful pretense to think about the sociotechnical design
of support systems. Other existing forms of support in society—Ilike neighborhood
help, emotional and financial support, or assistive functions in hierarchies—lack this
summoning material “thing.” Presumably, this corresponds to the lack of studies that
examine the internal structure of support situations more closely. Studies of “social
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support” [Hou88] have been preoccupied with structural conditions and individual
effects of providing support and less with the inner functioning and patterning of
support situations proper. Considering support from the perspective of technology
urges new perspectives on structure and process of support in general.

Technologies transcend isolated devices. They involve networks of people, skills,
material things, certain knowledge, and particular stances to the world [Mac99].
The technical devices in these networks seem like reliable islands of functioning
causality that are intimately integrated in a scaffolding of unreliable components.
Thus, the concept of “techno-logy”—and not simply: “technics.” The Greek word
logos implies a specific form of reason that accompanies the technics (though not
necessarily philosophical reason as a universal). There is always a peculiar logic
that pervades technical gadgets and their causal functioning. Next to this “grammar”
of technology, there is also a pragmatic knowledge. The term techno-logy indicates
that knowledge about construction principles, interaction, and handling is an integral
part of its functioning. Finally, technologies are surrounded by a particular wording
before, during, and after their development: for example, by justifications and poli-
cies, the engineering and design parlance, or the typical marketing vocabulary. In this
vein, techno-logy incorporates the syntax, pragmatics, and semantics of a causally
constructed material structure that is expected to produce certain determined effects
repeatedly and reliably [Ram07, p. 45].

Exactly this societal embedding of technologies also distinguishes mere inven-
tions that constantly pop up in laboratories, garages, and institutions on the one hand
and durable, accepted, and disseminated structures called innovations on the other
[Ram10]. Any path to innovation needs to be paved through the muddy grounds
of society. Previously, this has been done unconsciously and in passing. In devel-
oping support technologies, this aspect is brought to mind explicitly and allows to
account for it from the outset. This is not a guarantee for innovation and success but
nonetheless gives new design options and some leverage in a process that has been
considered stochastic so far.

Technologies are both about products and production. To develop support tech-
nologies means to develop products that people and organizations really want. At
the same time, it means to develop technologies that are deployed in the production
of products and become part of value chains and production processes—not only
in the conventional sense of industrial production but also in the unconventional,
generic sense of production, which includes the production of services and private
DIY production. The switch to the idea of support tightens the intimate connection
of these two aspects.

One of the most salient effects of the support paradigm is the approaching of the
human body by technology [Vis03]. This makes any technical product also acces-
sible, deployable, and potentially beneficial for production processes, which are
transformed in consequence. From there, new forms of technical products and even
innovations can arise. The distant machine hall in which products are produced far
removed from everyday life is losing the importance it had since the industrial rev-
olution. The German term “Industrie 4.0,” cyber-physical systems, sociotechnical
systems, or digitization of production are all expressions of this transformation. Cit-
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izen science, the democratization of production, or the character of the “prosumer”
characterize the same issues from the opposite side. The same smart gadgets that are
used in daily life are now integrated into organized work processes and production
plants. An exoskeleton might help the residents of a nursing home to maintain some
autonomy but can also be used by the personnel to manage their work load and reduce
physical strain.

The proceeding (mass) customization of products can likewise be linked to the idea
of support. The major response to customization demands is no doubt automation.
Today, it is possible to specify the own preferences for a product online and to thereby
trigger an automated process in some machine park to produce the desired product
that is then automatically packaged and dispatched. Three issues are important in this
scenario. First, support technologies need not necessarily operate in the proximity
of human individuals. They can be distributed over time and space. Second, support
does not necessarily preclude substitution. In the described case the customer is
supported to design its own product (within certain limits) while the corporation
substitutes human workforce. Third, there are moments in this automated process,
for example, quality control, that are difficult to automate. Furthermore, there are
also sectors where customization depends completely on human skill, for example,
the construction and adaptation of prostheses, many forms of surgery, haircuts, all
forms of nursery, or most products of construction industry, especially the completion
of the interior. The people involved in such customization procedures are already
supported by proper software or (smart as well as classical) tools but there is much
more potential, in particular with respect to physical support.

A last facet of this unfoldment of the volume title is the necessary plural of
“technologies” in connection to support. It should have become clear that support
itself cannot be automated. It is the customized product per se because it involves
and generates hybrid entities that merge certain activities, human bodies, techni-
cal devices, perceptions, norms, and social situations. That is, there will always
exist many suitable support solutions for diverse activities and contexts—but also
for seemingly identical activities and contexts. The latter points to another crucial
engineering challenge in developing support technologies: to achieve adaptability
and modularity. Since the hybrid combination of the human body, its perceptional
capabilities, and technical equipment has to be considered as unique in every situa-
tion, the standardization prospects are disappointing. Support technologies are thus
drivers of devising new forms of technical adaptability to bodies, perceptions, and
situations with the objective to form one integrated system.

This adaptability can also be achieved by inventing modular solutions. Modular-
ity, however, also refers to a more intriguing, though very challenging, aspect: the
modularity and customization of support that is achieved by coupling different tech-
nical systems which in turn requires the construction, standardization, and design
of compatible interfaces for different components of support systems. That is, for
example, various interfaces for signal and information transfer, energy transmission,
physical contact surfaces, or handling and control. Both variability within interfaces
and between interfaces are highly relevant.
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In short, support technologies are embedded in a whole apparatus of non-technical
components and rely on them to function properly. Innovations come from finding a
proper fit between all of these components. To sum up the consequence, developing
support technologies pose/poses some challenges for engineering. They compel the
profession to rethink the connection of products and production, to reconsider the
relation of automation and customization, and to develop adaptable and modular
systems as well as relevant interfaces that make them compatible.

shsksk

The contributions in this book display the diversity of the people, disciplines, and
topics in this field of research. Not all of the above aspects of the presented research
program are discussed in this publication. However, the diversity is explicit, and its
management is not an easy task. This includes the editing of the book. We selected
distinguished scholars that are not only experts in their respective field but who
additionally have some experience with participatory and interdisciplinary research
projects regarding technology development for support. As editors we had a general
concept for the book in mind and targeted the relevant researchers to send us articles
treating a particular subfield, presenting subject-specific views on support systems,
or reporting about deployment contexts from the perspective of their expertise.

The chapters that made it into the book are grouped into four major parts: “De-
mands and Expectations,” “Constructing and Construing,” “Forms and Contexts of
Deployment,” and “Values and Valuation.” They are followed by two concluding
chapters that discuss some prospective further developments of (support) technolo-
gies. The four parts represent main clusters of research activities in developing sup-
port technologies. They seem to form a sequence, but this is owed to the book format
only. More likely, they set up a circular process. Starting with a demand analysis
seems natural, but there are already valuations in place or earlier prototypes that lead
to certain demands. Furthermore, all of these activities run concurrently in relevant
projects and permanently influence each other. This implies that none of these dis-
crete yet interfaced “stages” is ever completed as long as the project unfolds. Demand
analysis is an ongoing concern in the development of support technologies as are
valuation, construction, and deployment.

The main ideas framing each subsection and short introductions to the individual
chapters are given in brief introductory notes at the beginning of the book parts. Due
to the just mentioned circularity and simultaneity of the empirical processes, there
are overlaps. Some of the articles could appear in more than one subsection. Yet there
are good reasons to arrange them this way. One of the editorial decision premises
in this respect has been to demonstrate the multiplicity of perspectives within each
research cluster as represented by the subsections of this volume. We have decisively
refrained from making special sections for, e.g., science, engineering, and humanities.
There are no leading disciplines in any of the research areas for developing support
technologies.

sksksk
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The papers collected here come from many different disciplines. The volume
contains inputs from biomechanics, engineering, information science, philosophy,
psychology, and the social sciences—to name only the most generic denominations
and sparing the internal specializations. Each of the chapters cherishes its own ter-
minology and quirkiness. All of them, however, can also be read by researchers who
are not familiar with the subject-specific debates of the disciplines. The language
they use is generally intelligible. Despite that, no article is able to deny its origin and
background. Such a denial or disguise of disciplines would have been detrimental to
the idea of this book. A seminal reference between disciplines is only possible when
the difference between them is retained and accepted.

Certainly, to some extent this book displays the personal, regional, and institutional
networks of the editors and their research group. But this Central European bias
is not simply accidental. The transdisciplinary research community on technical
support systems is actually prevalent in Central Europe. This may be due to research
policy decisions or some other factors not yet explored. In the end, it may be just our
ignorance. But there is no doubt that an international publication putting the common
thread of these multiple perspectives on developing support technologies into focus
is overdue. In this respect, this book is also an appeal asking for further international
communication and collaboration in this developing research field—and also an
appeal to prove us wrong that the form of transdisciplinary research on support
technologies as expounded in this introduction is mainly happening in Europe (see,
however, [Ois10] and [San14] with similar ambitions). Any further information and
suggestions are welcome by the editors as well as all of the contributors.

This collection and arrangement of research papers is not the classic “how to”
book. It contains reflections and descriptions of the different processes that accom-
pany any development of support technologies. Its effect is a change in perspective
and this generates, then again, we hope, a plethora of ideas how to approach and
implement one’s own projects. Therefore, it is a book of research in two respects.
First, it allows to observe and thus research how support technologies are developed;
and second, it gives some leverage to do research based on these suggestions and
experiences from others.
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Part 1
Demands and Expectations

Technology is pervaded by narratives that justify the effort of their development.
A permanent feature of such inevitable narratives is the presentation of technical
solutions as responses to some demand or need. This feature is reflected, for
example, in the “motivation” of engineers or in the well-known requirement
specifications. Yet it makes a difference where the recounted demands come from.
Most ideas still emerge out of what is technically feasible and then look for external
demands to which they appear as an answer. To be sure, this does not mark a
problem per se. Such a technology-driven practice has its own edge. But starting
with an analysis of situated and domain-specific demands, no doubt makes a dif-
ference—in particular when acceptance is an issue.

Developing technical systems in response to demands is the first and crucial step
to increase the probability of their acceptance. Demands of potential users and
stakeholders can be surveyed by observing people and practices, body movements
and task environments, routines and interactions. Various methods exist to get the
requisite observations, e.g., diverse interview techniques, experimental setups in the
laboratory, participant observation, field tests, or ethnographies. To yield an
expedient input for engineering, the gathered data is used to reconstruct the multiple
conditions of work and life, in which the contrived technology is to be integrated.
Potentials, possibilities, and risks of a support technology entering the users’ worlds
can be induced from there.

Although demand analysis is rightly understood to mark the beginning of some
project, it is also important to realize that it is an ongoing accomplishment.
Demands and needs are not stable but shift in time. They change when a prototype
comes into play, when technology is utilized or deployed in other contexts, or after
it is evaluated and further optimized.

All in all, demands—including needs, acceptance, and usability issues—repre-
sent the expectations in the relevant field and explain its dynamics. The expecta-
tions of stakeholders are heterogeneous and do often differ from those of the
prospective users, and both in turn differ from those of the involved journalists,
managers, or politicians. Any analysis of demands (and thus acceptance) is
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contingent on the field of further expectations connected to the solutions and the
project in general. Thus, demands and acceptance should not be treated separately.
Their analysis goes hand in hand. Both are part of the web of expectations sur-
rounding, informing, and driving the respective project.

This first subsection of the book summarizes different approaches from diverse
disciplines to expound what is necessary for a suitable analysis of demands and
expectations in developing support technologies. In detail, they are considered with
regard to sociotechnical arrangements, human practices, meaning, bodily
mechanics, societal trends, and the phenomenal worlds we perceive and inhabit.

Peter Biniok starts with a piece that sets the general stage. He argues that any
development of support technology takes place in “sociotechnical assistance
ensembles.” He stresses the importance of fine-grained negotiation practices in such
arrangements and describes relevant processes and structural features. Practitioners
thus get an impression of the overall expectational dynamics in a project and gain
an understanding of how seemingly “soft” factors constitute “hard” technology and
become vital for the success of the technical solution and the endeavor as a whole.

Kristin Paetzold continues with the presentation of a technique that can be used
to analyze needs of (older) people to find leverage points for technical support. The
proposed practice-centered analysis of needs takes into account the local and
material contexts of older people’s immediate lifeworlds and then looks at the
practical strategies they develop to deal with everyday problems. Any need for
support can be understood with more precision when routines and practices are
observed in local environments. The gained insights can be put to use for product
development, as Paetzold argues in conclusion.

Kevin Liggieri opens up a historical perspective that helps to understand the role
of meaning in relations of humans and technology. Searching for technical struc-
tures with a high probability of acceptance, the early discipline of psychotechnics
had contrived the concept of “Sinnfélligkeit” which described how technical and
material structures made sense to human users when they matched their mental and
corporeal structures. Technical systems have to make sense, to fall into place, and to
generate meaning. What is now called “intuitive control” does not only have his-
torical predecessors, but the account of Liggieri also highlights that the acceptance
of technology is a question of embodied meaning and sense-making.

With the contribution of Andreas Argubi-Wollesen and Robert Weidner, we
move on from sociotechnical, material, and cultural demands to understanding and
measuring demands of the human body. The authors present the distinctive chal-
lenges posed by the human body and its movements for the development of
physical support technologies, i.e., exoskeletons, and give an overview of expedient
tools. They contend that there is no single best method but only a suitable mixture
of different methods that have to be selected and recombined for each research and
development project anew.

Local and situated demand analysis for support technologies can be comple-
mented by harnessing, as it were, the law of large numbers. Alexander Mertens,
Katharina Schdfer, Sabine Theis, Christina Brohl, Peter Rasche, and Matthias
Wille shift the perspective to such large-scale measurements of societal dynamics
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and trends. The mass survey techniques presented by the authors help practitioners
to identify general demands belonging to a certain social group (users, customers)
and to understand how these technological demands and expectations change over
time.

At the end of this first part of the book, Bruno Gransche inquires into how
technical support/assistance is finding its way into our lifeworlds and how this
reshapes our relations to technology. His arguments point to an aspect that is
ignored in technology development most of the time, namely, that assistance is a
thoroughly two-sided affair. This is not only a reminder that unintended conse-
quences may emerge. Instead, it addresses the very practical issue that any analysis
of expectations and demands should be extended to include the expectations of
developers and stakeholders. Gransche exemplifies this by showing that the
prevalent idea of bringing relief to the people by support technologies remains
flawed if the burdens of assistance are ignored.

What is a factual relief for one group of people might be a burden for another;
what is a relief at one point in time might turn out as a burden some time later; and
what gives relief in the performance of one task might appear as a burden when
performing a different task. This inevitable two-sidedness of expectations is not a
“nice-to-have” insight. Rather, it has severe practical consequences for issues of
acceptance and must be taken into account to develop sound, sustainable, and
successful technical support systems that people really want.



Sociotechnical Assistance Ensembles. )
Negotiations of Needs and Acceptance L
of Support Technologies

Peter Biniok

Abstract Questions of needs and acceptance of support technologies are negotiated
in sociotechnical assistance ensembles. Sociotechnical assistance ensembles are dis-
cussed as analytical tool, which overcomes both the dichotomy of social issues and
technology as well as the distinction of technology development and use. In this way,
it is possible to take all relevant heterogeneous actors (humans as well as technolo-
gies) into account and explore their relationships during technization procedures.
The development of support technologies is at best a participatory, multidisciplinary,
transformative, and ecological process.

1 Introduction: Assistance, Technology, and Society

Present society is (also) an assistive society [Binl7a]'. Assistance is observable in
various forms, such as care and cooperation among people (laboratory assistant), help
by simple technologies (navigation device) or collaboration in complex configura-
tions of social actors and technical entities (computer-assisted surgery). Especially
the latter form of ever closer exchange between humans and support technologies
has steadily been increasing in the past few years. This affects not only the use
and distribution (acceptance), but also the design and development (needs) of sup-
port technologies. Technical sociology [Ram07] and science and technology studies
[Hac07] deal with these processes of innovation, technization and utilization, and
investigate the interdependencies between humans and technologies.

On the one hand, technologies are shaped by social, cultural, economic and other
factors (social constructivism). For instance, depending on the local conditions in
laboratories, technologies vary over place and time, even if the basic functions are the
same. On the other hand, technologies effect society (technological determinism).
They enable or prevent actions of people, e.g., doors grant access and/or stop thieves.
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I This work is based on the more detailed proceeding [Bin16a].
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These two perspectives are joined in the concept of technopragmatism. This
approach starts from the assumption that humans and technologies are always in
interaction and depend on each other. Since technology has agency, both humans
and technologies shape society continuously in relationships of distributed action.
Following this perspective, I discuss the concept of sociotechnical assistance ensem-
bles as an analytical tool to investigate support situations and support technologies.
The fields of ambient assisted living (AAL) and technological supported care illus-
trate in this work the discrepancies between claims of development and actual result
as well as between the stated and observed research practices. One important aspect
here is the divergence between assumptions about the needs of people and their
actual demands. Another crucial question is how support technologies developed in
laboratories and under science-oriented criteria may fit in the complex life worlds of
self-determined individuals. The advantage of the suggested approach is that humans
and technologies are understood as being interrelated and mutually dependent and
have to adapt to each other. The analytical focus is on configurations of concrete
actions and interactions in particular, but shifts according to research questions to
groups, organizations and systems. In this way, the two separated spheres of technol-
ogy development and use are perceived as one unit of analysis. Support technologies
are not built in isolation from users and the context of usage, and they are not used
independent from design departments and laboratories. Sociotechnical assistance
ensembles focus on support technologies as subject of negotiation between hetero-
geneous actors from the first generation of ideas, via design and development to the
use of technology.

2 Sociotechnical Assistance Ensembles and Negotiations
of Technical Support

The concept of sociotechnical assistance ensembles is proposed for a comprehensive
description, analysis and implementation of support technologies. Sociotechnical
assistance ensembles are situational, goal-driven, and well-planned configurations
of heterogeneous instances, i.e. people, machines, or materials [Bin17b]. Assistance
is understood as a distributed practice: one or more provider of assistance conduct
assistance services to one or more users. The provision of assistance enables the
user(s) to perform specific actions and thus to continue a course of action. Assis-
tance providers may be humans, technologies, organizations, institutions, or natural
phenomena. The specificity of sociotechnical assistance ensembles is that technolo-
gies play an active role as a smart and/or intelligent action partner (e.g. algorithms
and software agents).

Support technologies are an integral part of sociotechnical assistance ensembles
[Weil5]: they are focal objects of the design and development processes as well as
the main component of use practices. This means that various actors discuss and
negotiate the appearance and functionality of support technologies, their specific
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parameters, requirements, and areas of application. Both, need and acceptance are
dependent on situations and contexts. Decisions for technical support that are based
solely on engineer visions and/or pure user centering do not refer to real world needs
nor lead to acceptance of technologies in everyday action. Questions of needs and
acceptance of technical support are not (only) answered on the user and application
level, but much earlier and much later in sociotechnical assistance ensembles from
the start of the idea of a support technology to its usage in real life on site.

3 Needs of Support Technologies: Exploration
of Lifeworlds

Technology development is not only oriented toward efficiency and rationality, but at
the same time always influenced by prevailing technological paradigms, sociotech-
nical regimes, discourses, and societal imagery. The social shaping of technology
[Mac99] depends on the vision of the “internet of things” and slogans like “active
aging”, cost issues and user preferences, material properties, legal regulations of
data protection, etc. Alliances, negotiations and power relations will have an impact
on the final outcome of the technization processes [Lat98]. The analytical focus of
sociotechnical assistance ensembles on the early stages of technology development
includes support technologies, designers and engineers as well as actors from sci-
ence policy, research paradigms, and societal images. In addition, future users and
scholars from the social sciences are participating to inquire about the different needs
of various life worlds. The development of support technologies is a participatory
and multidisciplinary process.

3.1 Participation: Scripts and Frames

Users exist long before a technology is developed and used [Oud03]. Already at the
beginning of development processes, teams asses and imagine future users and their
motives to use a support technology. On the one hand, techno-scientific knowledge
and implicit assumptions and expectations of designers and developers are incorpo-
rated in ideas and concepts. On the other hand, data derives from market research or
from requirements ascertained from user surveys. Both perspectives—but especially
the latter one—are taken into account to develop technologies that are needed.
During the conception, design and development stages, these ideas, assumptions,
and functionalities are inscribed into technologies as ‘scripts’ [Akr92]. Scripts are
implicit instructions on how to use a device. The greater the fit between a script
(as anticipated user) and the real user, the more a technology meets a need. The
difficulty is that expectations of technical support depend on the point of view of any
relevant actor. Depending on the frames of reference, the development will result
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in different forms of technical support. Studies point to the existence of multiple
requests that have to be harmonized. At the same time, the studies reveal considerable
discrepancies in the reference frames of developers and users and/or between the
assumptions about the benefits of technical assistance in the lifeworlds of the elderly
and workplaces of caregivers [Kril7]. Other studies show that scripts of technologies
hardly address the future user group [End16, End17]. This can be ascribed to an
insufficient requirements analysis or an inadequate implementation of functionalities.
For example, young computer scientists develop a sensor to recognize if older people
fall. But only on the basis of their own experience and without a user survey the
development will likely fail.

To match scripts, frames and needs, users have to be participants. Sociotechnical
assistance ensembles reflect not only user deficiencies and compensatory functions
of assistive technologies, they widen the scope to scripts, frames, and “hidden”
perceptions from developers and investors. To investigate these scripts and the needs
of primary and secondary users, more sciences, such as social sciences, become part
of the development processes.

3.2 Multidisciplinary: Expertise and Competence

In the early stages of technology development, the reflection of scripting is essential,
and the inclusion of social scientists is needed to deal with the specific needs and
reference frames. Users have to participate in technization projects but user centration
in the form of (standard) surveys gives insights only into “typical” problems that do
not cover the complexity of society. What is needed is a more subject-oriented
perspective. Technology development then follows the paradigm of participation
of potential users in the development processes. However, the gaps between the
different social worlds of design, development, science and civil society exist. Various
restrictions, also appear in participatory design. Studies show that developers ignore
critical evaluation results and/or only selectively consider research findings from
other disciplines [Com15]. In addition, user tests to verify technologies may not be
representative and test series in laboratories are hardly everyday case studies. Possible
side effects and unintended effects of the use of technologies are not detected.
Precisely here, cooperation between designers, technicians, and social scientists
is useful. Every discipline has its own methods and approaches to capture user expe-
riences, to generate new ideas and/or to identify needs and wishes of users. But
too often, the role of the social sciences as “accompanying research” is limited to
the ex-post-legitimation of supporting technologies. My own participation in the
AAL-projects showed that the different types of expertise in research processes need
much more recognition. More attention should be paid to a suitable labor division
and transfer management. Both, the focus on lifeworlds as a whole and continuous
involvement of at least the primary users by means of interviews, workshops, group
discussions, and observations is necessary [Bin16b]. The aim is the multidimensional
participation of all relevant actors from science and civil society to go beyond ‘con-
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sumerism’ and allow ‘empowerment’ by technologies. Sociotechnical assistance
ensembles refer to these challenges and provide an approach to knowledge-based
divisions of labor and the establishment of multidisciplinary standards.

4 Acceptance of Support Technologies: Embed in Daily
Routine

Acceptance comes not just from the working and handling of a technology. Accep-
tance is moreover related to individual preferences, social values, societal structures,
and so on. Many studies, especially those related to risk and science communication,
aim to capture the attitude of people towards innovation processes and products to
reduce prejudices and to query potentials. This is observable in the field of supporting
technologies too. But this perspective has to be complemented by analyzing tech-
nologies in everyday use. Laboratory settings do not have the necessary complexity of
real-world conditions. Users assign technologies with specific meaning precisely in
everyday life [Pel16]. This means that early tests in practice over a long period of time
should be performed and evaluated on-site. Such tests provide knowledge about how
further actors, such as service providers (education) or institutions (law), influence
the utilization processes or are influenced by them. In addition, non-technical exper-
tise is necessary to process and coordinate evaluation procedures. Sociotechnical
assistance ensembles enable the investigation of this form of acceptance of support
technologies. It follows that technology development is at best transformative and
ecological.

4.1 Transformation: Trust and Practice

Technology in use remains a black box, because it is not necessary for users to have
knowledge about its operation. When users are confident that devices work, they
accept a technology. This acceptance is based for example on the brand of the man-
ufacturer, the corporate culture, and/or on standardization [Wag94]. However, these
factors only matter if technologies are available on the market. For many supporting
technologies, this is not (yet) the case. On the actual acceptance of AAL-technologies
or care robots or the like, little is known so far because both broad acceptance as
well as longitudinal studies are missing [Kiin15]. What is known are the factors
influencing acceptance such as ease-of-use, costs, and technical affinity. Acceptance
of supporting technology is achieved if use may lead to improvements of personal
development or self-realization, whereas connections to negatively connoted age
images or motives of deficit compensation lead to rejection of technologies [Pel16].

Crucial for the acceptance of (new) assistive technologies is the support of users in
adoption and usage processes. Sociotechnical assistance ensembles expand the view



22 P. Biniok

from proper operation to areas of operation and point to the relevance of service
phones, operating instructions, standards, but also to the consideration of ethical and
legal aspects. Studies on accessibility of computer technologies show that (intro-
ductory) courses and informally trying out of technologies promote their acceptance
[Bin15]. The knowledge of a competent contact person give users the necessary
security while engaging with technology. In other cases, acceptance of assistance
has to be generated by demonstration [Trel7]. The demonstration of the abilities
of a kitchen robot in a laboratory setting helps an audience to understand support
technologies. The demonstration shows what the robot is able to learn and generates
the assumption that the robot is a companion in everyday life. Assistance then is
negotiated between developers, technology, and the audience. Sociotechnical assis-
tance ensembles deal with the use and training of support technologies and with their
allocation of meaning.

4.2 Ecology: Placing and Adjustment

During practice and training of support technologies changes in everyday life may
occur. Research of acceptance attempts to reflect and estimate the impact of tech-
nologies on the users’ lives. Technologies restructure for example social relations
and communication structures [Hor95]. Individuals follow scripts of devices and
machines and set up their daily practice—at the same time they (re)interpret them
according to their individual preferences. Moreover, technologies affect human
actions directly by giving instructions and fulfilling tasks in cooperation with them
[Ram02]. For a successful application of technologies, real-world conditions have to
be taken into account, as in the form of an “eco-check”: Are all necessary infrastruc-
tures (social, technological) available? Is anyone else affected if people use this or
that technology? What changes on site can be expected in case of long-term usage?

Practical tests of supporting technologies over a long period of time in every-
day life show that their use leads to new options for action and interaction, e.g.
the increase of social participation of senior citizens [Binl5]. New computer tech-
nologies and new skills enable people to contact relatives living abroad via video
telephony and deepen existing social contacts in the region. Other studies show that
negotiations take place to fit the technologies into existing social patterns. For exam-
ple, despite the adoption of computer technologies by a wife, the roles of technology
competence in a household-relationship remain stable [Diel7]. The wife “just” con-
tinues to take over communication tasks with her tablet-PC (operation knowledge),
whereas the husband keeps the tasks of computer oriented problem-solving with a
PC (functionality knowledge). And technologies are changing working places too.
Studies show that the introduction of new safety technologies not only change the
behavior of people with dementia, but also affect the entire configuration of actors
of care [Her17]. The new technologies lead to care as restrictive practice, which had
been otherwise situationally negotiated. The perspective of sociotechnical assistance
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ensembles demonstrates that roles and meanings of support technologies are gener-
ated in practice, and acceptance depends on existing structures, power relations, and
interests.

5 Technological Development and Use Are Inseparable

Needs and acceptance of support technologies are the result of subjective negotiations
between heterogeneous actors instead of objective determinants and findings. Whata
need is, is determined by the actual wishes of users, depends on the skills of scientists
and designers, and the resistance of technologies. In this process, it is important to
exploit the lifeworlds and workplaces of users as well as to question the laboratory
worlds of developers and engineers and their scientific paradigms. The determina-
tion of isolated needs runs the risk of overlooking the complex reference frames of
support technologies. The relationship between needs and acceptance is ambivalent.
The successful addressing of a need with a technology does not imply the accep-
tance of it. Acceptance of a technology does not depend solely on its functionality
but on its successful integration in everyday life. This includes associated infrastruc-
tures (such as Internet access) and financing possibilities just as the emancipation
of users, meaning readiness-to-hand of devices and having background knowledge
about them.

Technology development happens in the nexus of action and structure [Bin13]:
technization as a collective process takes place in relation to sociotechnical contexts
and distributed actions of humans and technologies. Technology and social issues
cannot be separated. Likewise, technology development and use can hardly be sep-
arated. They have to be supposed and realized as one process, because the realms of
development and use are interconnected. Sociotechnical assistance ensembles are an
analytical concept to direct the focus on humans and technologies, on development
and use of technologies, and moreover on technical and social science. The develop-
ment of support technologies is a participatory, multidisciplinary, transformative and
ecological process. This implies that new types of research projects are necessary:
long term, inter-institutional, holistic. Therewith lies the possibility to increase and
enhance people’s quality of life by means of support technologies.
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Context-Integrating, Practice-Centered )
Analysis of Needs L

Kristin Paetzold

Abstract The development of supporting technology often neglects real challenges
for a self-determined lifestyle, especially in age. The objective of the contribution
is to explain the KPB-methodology, which was developed in a project founded by
the German Ministry of Education and Research (BMBF). This methodology allows
capturing needs and problem situations of elderly people in their domestic environ-
ment. Implications for product development will be explained. With the project, we
answered the question, which problems elderly people have to deal with for a self-
determined life. We investigated the life situation based on socio-scientific methods
and translated it into technical requirements.

1 Introduction

Nowadays, itis undisputed that technical systems can help human beings to overcome
naturally given performance limits. Just think of the capability of flying. Irrespective
of whether the performance limits are caused by biological factors, illness or age,
technical systems in their various forms can help to strengthen own resources and
expand the options for action. Activities in both the professional and private envi-
ronment can be carried out in a time- and energy-optimized manner, which in turn
creates space for personal self-realization. However, this requires that the technical
systems are perceived and accepted by the user regarding to these possibilities.

K. Paetzold (X))

Institute for Technical Product Development, University of the Federal Armed Forces Munich,
Werner-Heisenberg-Weg 39, 85577 Neubiberg, Germany

e-mail: kristin.paetzold @unibw.de

© Springer Nature Switzerland AG 2018 27
A. Karafillidis and R. Weidner (eds.), Developing Support Technologies, Biosystems &
Biorobotics 23, https://doi.org/10.1007/978-3-030-01836-8_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-01836-8_3&domain=pdf
mailto:kristin.paetzold@unibw.de
https://doi.org/10.1007/978-3-030-01836-8_3

28 K. Paetzold

2 Responsibility of the Engineer in Designing Technical
Support Systems

The basis for supporting people in their everyday life is that the developer understands
the user’s needs and wishes as well as his or her individual living environment. To
this end, it must be borne in mind that human beings can play two different roles in
the evaluation and interpretation of products:

e In hisrole of a user, the human being takes a product and interprets its functionality
through design and product-characteristics. By placing the functionality defined
for himself in his life context, which is shaped by his individual life and action
situation, the user decides on the usability of the product for himself. Accordingly,
decisions for a product are not only characterized by its functionality but also by
affective, emotional, and social aspects.

e In his role as an engineer, the human being takes up technological possibilities
to implement these functions within a product in order to support the user and to
expand his potential. This technology-driven mind-set is naturally oriented towards
the needs of the user, but often reduces them to considerations of performance.
Decisions related to the engineering point of view are characterized by physical
connections on the one hand and, on the other hand, by rational aspects such as
DFX criteria, technical and production feasibility.

Sarodnik describes these different views as “mutual symmetric ignorance”
between user and engineer [Sar(06]. Ultimately, it leads to the creation of functional
and high-quality products, but these are not accepted by the user because they are
not perceived by the user in the sense of problem solving.

The needs assessment for the planning and the conceptual design of products
that are really intended to help people must not only take into account the life and
action situation of people. A social responsibility of the engineer arises from the fact
that products also have an assistance function [Gral7]. While performing everyday
activities, people have to overcome multifaceted resistances. If the human being
uses products to overcome his own shortcomings, this also works as training effect
that is associated with a strengthening of competence and preservation. Otherwise, if
products just focus on avoiding resistance in tackling the tasks, this can resultin aloss
of competence of the user [Gral7]. This results in the necessity to place the training
effect in the product functionality above the purely compensatory functionality.

3 State of the Art

Three main approaches are common to describe users in product development: the
methods of user participation, user experience (UX) and acceptance research.

User participation as an interdisciplinary concept encompasses a number of meth-
ods and approaches [Sar06]. Based on the definition of the development goals and



Context-Integrating, Practice-Centered Analysis of Needs 29

the clarification of reasons for the integration of users in the development process
(finding of ideas, product evaluation, and validation), the manner of integrating the
user—from being a passive observation object up to being an independent innova-
tor—has to be concretized. In addition, the target group must be defined. Decisions
on the type of user integration that take into account the objectives lead to indi-
cations in which development stage the user’s expertise is necessary. Summarized
representations can be found in [Rei04, FicO5] for example. User participation sets
the framework for integrating knowledge and expectations of users into the devel-
opment process, thus supporting the transformation process. Difficulties arise from
the used product models. The user can only partially access its functions, usually he
receives explanations from the developer, because the models or prototypes are not
intuitively interpretable. In addition, the test situation does not correspond to the real
usage in everyday life. In total, this can lead to a falsification of results.

The methods of the UX research support the transformation process between user
and developer. The aim here is to determine the usability of a product [DIN11], in
particular affective, emotional, and psychological effects of its use. Hassenzahl refers
to this as the “adventure of the user” [Has15]. UX research is not clearly delimited.
Similar to user participation, UX comprises a set of methods for recording subjective
aspects of product usage. Difficulties result from the absence of a human model
on which the results can be evaluated. Ultimately, it is not clear which aspects or
functions contribute to a positive perception of the product.

Last but not least, acceptance research provides numerous models that explain
or predict the acceptance of products. A summary can be found, e.g., in [Bir14].
Based on the “Theory of Planned Behavior” many acceptance models were devel-
oped. According to Venkatesh [Ven00], the most important ones were integrated into
the “Unified Theory of Acceptance and Use of Technology” (UTAUT). Acceptance
is referred to as the behavior of the user when actually using the product. Common
for acceptance models is that all relevant direct and indirect factors influencing the
acceptance are known and considered. Nevertheless, it is not possible to make con-
clusions for the product resp. the functionality of the product. Thus, it is not possible
to deduce how the product has to be changed in order to increase its acceptance, but
predictions and assessments can be made with regard to its acceptance.

4 A Method for Describing the Everyday Practice
of Human Beings

With the methodological approaches mentioned above, the significance of the product
functionality for the user can be described, whereby the user is more or less taken into
account as an individual only. However, these methods focus on product use. Here,
a method for describing everyday practices is presented: The object of investigation
is first of all routines of action in everyday life, and patterns in the conduct of life
are to be recorded. Based on this, it is important to determine to what extent and
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where technical support is accepted and can be integrated in these daily routines.
From this, it is necessary to derive functionalities, specifications for functionalities
in the product as well as completely new ideas for technical assistance in everyday
life.

Within the scope of a research project the everyday practices of elderly people in
the home environment was investigated. A method for context-integrated, practice-
oriented needs analysis (KPB methodology) has been developed, which consists of a
set of qualitative survey methods and is based on sociological approaches to lifestyle
and practice theory. This method is adaptable to a lot of other situations in daily life.

The everyday way of life is understood as an active achievement of a person, who
is characterized by a high degree of habits and the spatial-material context. Everyday
life does not take place “automatically”, but is actively designed, whereby the process
usually does not take place in a highly reflexive manner, but rather routinely and, as
a rule, evades consciousness.

Another foundation is the theory of practice [Pon16]. From this perspective, the
practical way of life is the central point for technological development, as it is the
concrete “place” where support needs to be manifested. It is assumed that the use
of technology should not “disturb” the familiar routines of everyday life. Something
new is often encountered with a defensive attitude when it interrupts long practiced
daily routines. From our point of view, this defensiveness should therefore be seen
as a quasi “natural” reaction and not as a lack of willingness to innovate by the users.
If one takes the practice theoretical argument seriously, then the direction of product
development is given: systems should be developed which can be integrated into the
existing lifestyle as easily as possible and which possess a high degree of practicality
(see also [Bir16]). Then, there is a good chance that they will be accepted. In order
to achieve this goal, day-to-day practices must first be identified and described.

For data collection, a set of qualitative survey methods has been composed. The
first study focused on supporting the lifestyle of older people, since aspects of every-
day routines are very pronounced here. 23 elderly, physically handicapped persons
were interviewed twice. They are designated as research partners in the sense of a par-
ticipatory research approach. The basic idea was to establish a triangular relationship
between researchers, research partners, and the research topic “life management” in
order to reflexively develop and analyze the latter in a joint dialogue.

The data collection was carried out in the domesticity of the research partners,
which allowed the systematic inclusion of the material context. Verbal survey meth-
ods such as interview, think-aloud method and reflexive dialogue methods were
extended by elements of field research in the form of practical demonstrations. The
first visit served to provide a comprehensive overall picture of the respective life
situation. Essential parameters of living conditions such as material equipment, liv-
ing environment, health situation, social integration, and education were asked for
in a guideline-supported interview. At the same time, the initial interviews served to
create a sustainable relationship of trust.

After the introduction, the focus was on the practices for dealing with everyday
life. Since lifestyle is largely made up of routines, the main task was to make this to
the object of conscious reflection; these should be evaluated by the research partners
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in terms of their difficulty in solving problems. Contrary to expectations, it was not
easy to identify areas that seemed problematic from the subjective point of view
of the elderly. As a rule, they had developed individual, sometimes highly creative
handling strategies in order to cope with their limitations. Their competent “answers”
sometimes concealed the underlying problems, which led us to systematically collect
the handling strategies as well.

During the second visit, the focus was on handling strategies. Based on the trust-
ing, equal work alliance, the elderly showed great willingness to demonstrate in
practice how they deal with their everyday problems. This allowed us to understand
problematic items in more detail, which formed the basis for finding ideas for tech-
nical solutions. Also, from the point of view of the research partners, the practices
were not necessarily good solutions, since implementation was often associated with
additional efforts and sometimes entailed considerable risks. In this respect, it can be
expected that technical support aimed at these practices will have a great chance of
being accepted. A detailed description of the methodology can be found in [Birl6].

S Results and Implications for Product Development

5.1 Socio-scientific Results

A central finding was that we did not identify any problems, but always identified
already “worked on”’problem situations. The older people had cleverly and imagina-
tively developed strategies and practices to cope with the age-related limitations of
everyday life. These practices were sometimes very simple and often not even visible
at first glance. Nevertheless, they formed suitable “answers”to individual limitations
often realised by using the simplest domestic inventories. Analytically, it is possible
to differentiate between five different practices.

So-called body techniques are often used. Older people develop and establish,
partly intentionally and partly unconsciously, physical handling routines in dealing
with their challenges. One of the respondents had consciously developed a special
body technique for climbing stairs. She entered the stairs diagonally and with both
hands on the railing to slowly push her way up and down the stairs. If the potential of
one’s own body was not sufficient for the execution of everyday actions, its enhance-
ment as a form of “technical upgrading” took place. This could be the walker, which
allowed a person with limited mobility to cover distances, or the walker used as
a means of transport. Another common technique was empowerment. Many older
people consciously trained their existing skills to keep them stable. This could be the
gymnastics in front of the TV set, but also climbing stairs or memory training on the
computer.

And when the problems could no longer be overcome on their own, social support
was actively organized, partly by their own children, but also by formal service
providers who left their social environment untouched. We found changes in the
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material environment to be particularly important, especially because we often did not
notice them at first glance. It was only gradually that many small, spatial adaptations
were discernible, which the older people had to face in handling with their everyday
life. An example: An elderly woman had “crammed” her hallway with furniture to
hold onto them while walking. This “Furniture Walk” does not correspond to current
considerations on accessibility, but can be an effective strategy to move forward.

5.2 Conclusions for the Engineering Perspective

Our quintessence from the qualitative survey: not problems, but the ways of dealing
with them should form the basis for technical developments. What this means in
concrete terms can be shown on the basis of the discussions on routines for action
and a support hierarchy.

5.2.1 Importance of Action Routines

The focus of investigations lays on elderly people who live in their home environment
and manage their everyday life largely independently. One of the most important
findings was that their everyday life is determined by routines of action. Routines of
action are defined as activities of everyday life that remain stable for a certain period
of time and provide people with a framework for action [according to Has15]. They
have generally grown over a long period of time. The fact that they are highly valued
by the elderly can be attributed to the fact that they give structure to life and thus
relieve the strain on action.

Strategies that older people use to deal with their everyday challenges and prob-
lems have also proved to be forms of action routines. These handling strategies can
be tedious and involve considerable difficulties. Nevertheless, they are still capable
of solving the respective problems, which means that they are no longer interpreted
as problems by the elderly themselves. The development of routines is usually car-
ried out creepingly, adapting to the restrictions that increase over time. In view of
growing restrictions on mobility, an elderly person increasingly limits the amount of
living space he or she uses by staying only in certain places, so-called “residential
islands”, which are easily accessible to them and which have been adapted to their
needs.

In order to implement supporting technology systems in the everyday life of
older people, it is necessary to adapt them to prevailing routines to make them
being accepted. On the one hand, their ignorance casts doubt on the still existing
competences of the elderly, what is usually seen as stigmatising. On the other hand,
it does not correspond to the subjective problem definition of older people: if they
perceive a problem as being overcome, their willingness to use technology to solve
the problem will be small.
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However, there is one exception: crises or incisive events such as a stay in a
hospital, a move-out etc. lead to a break with routines that have been used up to
then, with the consequence that in these situations new things—such as the use of
technology—are more readily accepted.

5.2.2 Considerations for the Design of Technical Support Systems

The three-level support hierarchy outlined above [Pael2] has been confirmed and
implies the following conclusions for technical systems.

Technical Systems for Training

At the first stage, technical systems can contribute to the independence of older peo-
ple by motivating them to train their existing physical and cognitive abilities resp.
to help practice these abilities. This level precedes practical everyday actions. This
form of technical application corresponds to the empowerment (Sect. 4), which older
people often choose as a conscious strategy to manage their everyday life even in the
future. They want to maintain or strengthen the forces and abilities necessary for their
routines of action. At this point, the engineer’s knowledge of everyday routines is of
secondary importance. The design of technical systems with regard to functionality
can be relatively free, but the development of systems requires knowledge of com-
petences and capabilities, their limits, and knowledge of the mechanisms by which
these competences are formed. This appears to be possible only in close cooperation
with somatically-centered departments such as medicine, gerontology, and sports
methodology. Training support equipment should also take up aspects of the “Joy of
Use” in order to generate positive success experiences.

Technical Systems to Support Everyday Actions

Technical systems can be used in a supportive manner on the second stage by assisting
the implementation of problematic everyday practices and coping strategies. They
can take over parts of everyday routines, make them easier or reduce the challenges
of the material context. It is essential here to orientate oneself strictly to the daily
routines, so that the technical system can be integrated without any significant effort
and without the disruption of the routines. Only then an acceptance by the user can
be expected. The functions of the technical system must always represent the action
routines or parts of them. There are three forms of assistive technology.

Enhancement describes supporting systems worn directly on the body, such as
hearing aids. These are connected to the body before performing the action. The
user is supported during the action, but does not have to worry about the system.
The product is only removed after the end of the action. According to the intensive
interrelationship between technology and human, the product must be able to react
to variations in the action routine resulting from the operating conditions—ideally
without the user noticing this.
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Fig. 1 Specification of the support hierarchy [Pae14]

Mobile devices describe systems that are not permanently connected to the user or
the environment. One example is the rollator. Mobile supporting systems allow the
user to gain more freedom, since they are only activated when required. This gives
the user more freedom to use his or her own competences. The device is only used
if the action is particularly strenuous. This can be associated with limited spatial or
temporal availability.

Changes in context describe support systems that are firmly attached to the envi-
ronment, such as handles in the bathroom. This means that the systems are also
available for other users, but are less flexible and can only be used at the specific
installation location. Such approaches appear to be effective in the home environ-
ment, but they also require an analysis of the routines of action.

Technical Systems to Compensate Lost Abilities

The use of compensatory technology on the third stage only becomes necessary when
arequirement of everyday life can no longer be met even with support. But here too,
the use of technology can contribute to enabling an independent life within one’s
own four walls. In this situation, the way of life has to be adapted accordingly, which
means a deep cut in the user’s lifestyle. The decision for compensatory technology
is usually triggered by a crisis situation such as hospitalization or (further) illness.
It is to be expected that technical systems that are considered in such situations
will be accepted the better they can be integrated into remaining routines of action.
Nevertheless, this form of technical support can be conceived relatively free from
the routines of action. The decisive factor is the function to be fulfilled, which the
user can no longer execute independently. These findings are illustrated in Fig. 1.
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6 Conclusion

Technical systems can provide an important contribution to support people in their
individual lifestyles and thus maintain their quality of life. However, the developer
has a great responsibility in the development of technical systems to assist the user.
It is not a matter of replacing skills, but of providing targeted support for actions
in everyday life by means of technical systems. In this sense, the developer must
understand the life and action situation and take this into account in the description
of the target system and the requirements. The above contribution is intended to
provide suggestions for this.
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Acceptance Through Adaptation— m
The Human and Technology et
in the Philosophical

and Scientific-Historical Context

of “Sinnfilligkeit”

Kevin Liggieri

Abstract Fritz Giese—a famous scientist of psychotechnics—responded to a debate
of man-machine-adaptation with his concept of object psychotechnics in order to
adapt the environment to the worker. The idea behind this adjustment was, that man
should be working in a trouble-free and decent environment, because of his complex
biological nature, which allows him only to do productive work in the aforesaid
environment. The economic movement or operation should always be intuitive and
energy saving. The term for this problem was “Sinnfilligkeit”, which was rather
discovered by engineers than by psychologists. Below I will investigate in a philo-
sophical and historical way how engineers and also psychologists operate with the
concept of “Sinnfilligkeit”.

1 Introduction

The special exhibition “Work Chair and Work Table”, was organized by the German
Society for Commercial Hygiene and the Reich Board of Trustees for Economic
Efficiency at the German Museum for Occupational Safety on the 25th of May 1929
and then, because of its large appeal, it became a travelling exhibition through Ger-
many (beginning in Southern Germany). Not only did it present examples of ‘good’
design but it also had an educational character for it was meant to bring the idea
of an ergonomic workplace to workers and the wider public. The exhibition, which
was the interdisciplinary work of industry doctors, industry supervisory officials and
industrial engineers, had the aim of showing the “importance of a work economy” by
a “purposeful formation of work table and work chair” [Ano31]. Premature fatigue
or wear and tear should be prevented in this way, thus enabling more effective work.

K. Liggieri (X)

Institute for Philosophy I, Ruhr University Bochum, Universititsstrae 150,
44801 Bochum, Germany

e-mail: Kevin.Liggieri@rub.de

© Springer Nature Switzerland AG 2018 37
A. Karafillidis and R. Weidner (eds.), Developing Support Technologies, Biosystems &
Biorobotics 23, https://doi.org/10.1007/978-3-030-01836-8_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-01836-8_4&domain=pdf
mailto:Kevin.Liggieri@rub.de
https://doi.org/10.1007/978-3-030-01836-8_4

38 K. Liggieri

According to the ideas of the time, the human and the machine (workplace) were
so incompatible that the attempt was made to somehow allow an adaptation of both
sides to each other so as to let the overall system work efficiently. The exhibition was
divided into two sections. The first section concerned the medico-physiologically
correct posture, the second the connection to practice. In the first section, three life-
size replicas of a seamstress were displayed, providing a view of the static work on
the body, which illustrated fatigue through posture and hand-movements. A sitting
skeleton should clearly signal to the visitors how work, through the right choice of
support points in the body, can be alleviated and facilitated. In addition, the exhibi-
tion showcased a developmental history of the ‘ergonomic workplace’ by means of
different work stools and chairs, each showing progress in relation to the previous
model.

By this division between theory and practice the exhibition accordingly tried to
didactically and reciprocally ‘calibrate’ the human and the work in the formation
of the working environment. The physiologically correct posture at the work table
were presented by models as well as by illustrated and static depictions for visu-
alization and imitation. According to the contemporary Bauhaus architect Ludwig
Hilbersheimer, the models presented were unfortunately “still purely theoretical”,
with only a few exceptions [Hil29]. Although prestigious companies like Siemens,
AEG, Singer or Hinz & Stoll committed themselves directly to the new ergonomic
chair, in 1929 the standardized work chair still remained an exception. According to
Hilbersheimer, a “general usage” [would be] “extremely desirable” because every
means which effected an “increase in production” without encumbering the working
person should be used in practice [Hil29] (see illustrations in Figs. 1 and 2).

What this exhibition as well as Hilbersheimer’s critical commentary make clear is
the idea, which emerged ever more strongly in the 1920s, of the practical adaptation
of the work environment (technology) to the human being. This adaptation refers
on the one hand to the goal of disburdening the human being and thus effecting an
increase in efficiency. However, on the other hand, it also shows how the view of
the human changed. In contrast to Frederick W. Taylor’s “Scientific Management”,

Abb. 3.

Fig. 1. Good and bad chair backs [Asc27, p. 97]
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which in its studies of time and movement wanted to adapt the human being as an
almost mechanical part to the work and the machinery, German engineering as well as
in practical psychology—mainly in the branch that one called psychotechnics—in-
creasingly addressed the human being as a ‘factor’ as well as a problem. The idea
behind this adaptation was that, as a complex living being, the human being requires
in its work a disturbance-free, orderly and ergonomic environment (including a work
chair) in order to be able to work productively and efficiently. If one had hitherto
tried to adapt the human being to technology through training and selection, one
now also attempted to adapt technology to the human being. In short: if technology
is to interact productively with the human being, then it inevitably had to be ‘user
friendly’—hence the humanistic sounding term ‘human friendly’.

In what follows, this adaptation—which engineers nowadays call ergonomics,
anthropotechnics or usability engineering—will be examined more closely, using the
example of the “Sinnfilligkeit” in the object psychotechnics. The scientific-historical
and philosophical approach is productive because it allows the discovery of fields of
problems and discourses that are indeed argumentatively present today but which are
by no means explicitly reflected upon. More and more emphasis is placed upon suc-
cessful human-machine interaction in which trust and acceptance are conveyed by
technology, complexity is reduced, and the human being is set at the centre (see the
research program “Bringing Technology to the Human” of the German Federal Min-
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istry of Education and Research, BMBF). The philosophical and scientific-historical
questions connected to this “acceptance through adaptation” are thus: where do the
motives and programs of adaptation originate? If the human being is to be taken
as the measure in every technical development and if design and ethics should be
measured against it, how does one then create successful (ethical and functional)
acceptance in the use of technology? How does one generate the user-friendliness in
which the human being (including the unskilled) can ‘simply’—intuitively—interact
with the machine?

The different motives of “Sinfélligkeit” should be discussed as forerunner and
reference point of this modern development. “Sinnfélligkeit” is a concept from the
1920s and 1930s in which changes but also continuities in the interaction between
the human and technology are notable in relation to contemporary discussions. An
analysis of this concept makes comprehensible where the idea—so familiar and
seemingly so sensible—that the machine is to be designed for the human being as
an independent, individual user comes from and what image of the human being lies
behind such assumptions. An image of the human that is still virulent today.

2 Acceptance by Adaptation

2.1 Formation of the Human and the Material

The psychotechnics of the psychologist Fritz Giese, the assistant to Walther Moedes
(director of the Institute for Industrial Psychotechnics at the Technical University of
Berlin Charlottenburg), is divided into two different functional categories. On the
one hand, a technology that adapts the human being to the environment (machines,
factories, social milieu), and on the other a technology that adapts this environment
to the working human being. In the first case, as Giese reports in 1928 in his book
“Psychotechnik”, written for the general public, “the human, the subjective of the
relation, [is calibrated] corresponding to the requirements of actuality” [Gie28, p. 8].
Here he speaks of “the subject psychotechnics”, for example, in the form of aptitude
tests or training procedures. In the second case, one can “proceed in a completely
reverse fashion and bring the environment, the material into line with the natural
psychological nature of the human; it is tailored to the relatively immutable nature of
our specific character” [Gie28, p. 8]. Giese uses the concept “object psychotechnics”
for the latter (regarding the adaptation of equipment, machines, lighting, advertising
material to the psycho-physical preconditions of the human). Consequently, the sub-
ject psychotechnics deals with training, professional issues, professional advice and
treatment of the human being (understood as a psychologically influencing of the
human with the goal of improving performance). In a certain sense object psychotech-
nics can be read as analogous to “Sinnfilligkeit”. The human and its ‘nature’ here
become the measure of things. Space and equipment must be directed according to it.
The worker and its statutes will now, from the perspective of the psycho-technicians
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and engineers, no longer be ignored and no longer simply embedded in mechanical
analogies but will become the special point of access for investigations that adopt
the ‘human measure’. This is what “Sinnfilligkeit” was all about.

There is already a specific evocation of acceptance in this approach to the human
being because human-calibrated machines not only provide greater security but in
effect also trust. In spite of the humanistic rhetoric of many authors, the human
nonetheless remains economically a ‘matter’ which had to be carefully considered
because calculations and consequences were harder to measure in its dynamic inter-
action with the environment. The main problem here was to establish an order in the
extraordinary ‘human’ factor, which cannot be rationalized so easily due to its embod-
iment. This is precisely why the human being became conceived as an important part
of production: through its inattentiveness it might also destroy other parts—espe-
cially the expensive machines—and thus can cause great financial damage. From the
economic perspective, the human being and machine were accordingly materials to
be adapted to one another for the higher purpose of optimal organization in the con-
cept of object psychotechnics/““Sinnfilligkeit”—as previously in the US-American
Taylorism.

In a second step, a closer look at the object psychotechnical formation of work
equipment and workplaces reveals the narrow relationship between work psychol-
ogy, physiology, and psychotechnics and, with this, the differentiated treatment of
a human ‘psychophysics’. A focus on the human being centered on anthropological
peculiarities is inevitably opened up by looking at human errors, accidents and per-
formance constraints. What is important is that this biological entity, the living being
in itself, was never purely rational, mechanical or uniform but dynamic and partly
unpredictable. How, according to the question of the engineers and psychotechni-
cians, could one adjust work equipment to this ‘living’ being and thus generate
acceptance?

2.2 On the ‘Sinnfilligkeit’ of the Working Equipment
and the Workplace

Through an efficient working environment (here: workplace and equipment) adapted
to the psycho-physical peculiarities of the human, the economic benefits of work
should increase. Fabian consistently uses Giese’s concept of an “object psychotech-
nics” for the “adaptation of the object” to the “mental nature of the human being”
[Fab30, p. 621]. According to Fabian, the heterogeneous region of object psychotech-
nics (accident prevention, advertising material, work equipment, lighting) can be
divided into motion studies in the factory and the rationalization of the workplace.
The motion studies were, on the one hand, still very much oriented to Taylor’s studies
of time and movement, on the other, however, they were also directed to studies of
fatigue as well as to the effects accompanying work-technical circumstances. The
second field of a, rationalization of the workplace’ required, in contrast to the general
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studies of the first point, exact special research, that is, field research in a specific
workplace. What was at issue in this on site research was no longer general reflec-
tions but an exact, analysis of the workplace’ and its environment (heat, air, light)
[Fab30, p. 627]. The psychologists, who were to be instructed on specialist questions
by technicians, examined various factors such as material, work tools and machines
in their peculiarities, types and usages, always with a view to the psychophysical
impact on human beings.

This optimal, economic movement or operation should thereby always be ‘natural’
and thus intuitive and energy saving. The efficacious term for this was “Sinnfilligkeit”
which, as Giese himself remarked, was discovered by engineers rather than by psy-
chologists. “Sinnfalligkeit” thus means a literal “falling into sense”, a commonsense
obviousness, of the right correlation. This ‘falling’ should happen unconsciously and
disburden, to speak with the psycho-technicians, reflective consciousness.

The operation should therefore be self-explanatory in the best case, like the touch
screen on today’s mobile phones. One acts appropriately but does not have to think
about it. Since the machine can be operated intuitively without direct knowledge
about it, one does not need either well-educated workers or overly skilled opera-
tors. The technology ‘explains’ itself through its human-centered design. On the
other hand, however, the psychologists and engineers were able to make use of this
‘falling into sense’ in advertising and operational elements, because through con-
structions not only bodily but also mental performance (and along with it mistakes,
accidents and loss of time) were reduced and intuitive dexterity could be increased.
According to Giese, ‘falling into sense’ thus related to different forms like tradi-
tional associations, habits, physiological disburdening of movement or instinctive
movement.

This mediation proceeded not only from an instinctive use of technology but
equally from a very specific anthropophilic technical design. The fundamental idea
that appears in discursive and practical dealings is: the technology should and can
support “reactive moments” by suitable design [Fab30, p. 660]. To put it simply:
technology is not the human being’s opponent, but its partner. In turn, the human
was no longer simply a mechanical motor in which it was sufficient to analyze the
physiological course of movement but, in its connection with the machine, it was
a sensory motoric component whose psychical peculiarities (such as attentiveness,
perception, dexterity) were brought to the fore. In this emphatically charged argumen-
tation, the simple and intuitive handling of technology did not only create security
and trust but also acceptance. The machine is no longer perceived as a threat when it
can be operated securely and intuitively. In the best case, the machine (for example,
the car) is perfectly adapted to the human being and its movements and senses. It
is phenomenologically fused with the driver as a technological device. The driver
can simply let themselves ‘fall into the sense’, (i.e., because of bad construction)
hence they fall out—an accident occurs. Trust, safety, and acceptance are therefore
strongly dependent on the adaptation of the technology to the human being. It became
quickly clear to the psychotechnicians, who in such cases looked more closely at the
manipulations of the equipment, that the handbrake must be pulled “backwards”.
For one thing, for reasons of the expenditure of force (that was already clear in the
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experiments on the position of the grip) and for another—and this seems epistemo-
logically interesting—for reasons concerning tradition in the drawing up of horses.
This mediation of old media into the new at the center of successful adaptation is still
evident in the process of design and production today. Hence the Windows Desktop
has a “recycle bin” and a “typing page”, i.e., pre-digital artefacts, that resurface in a
mediating role in the new medium for a successful acceptance and ‘falling into sense’
or “Sinnfilligkeit”. The user sees something familiar in the strange. The ‘uncanni-
ness’ of the unfamiliar medium recedes. The human being and its senses as well as
its cognitive capacities do not have to adapt themselves to something wholly new in
good “Sinnfilligkeit” (although the PC, unlike the typewriter, represented something
precisely so revolutionary an innovation on the level of software and hardware) but
finds a communicative connection. Giese’s inferences by analogy were thus used
to shape the course of movement more efficiently, whereby he left unconsidered
that such well-known instances ‘falling into sense’ are always culturally and even
generationally bound.

To cite a further example, we need only refer to the associative problems that would
arise in a simple visit to someone’s house if the lowest doorbell did not connect
to the ground floor and the highest doorbell to the highest storey. These kinds of
traditional associations enable and generate a capacity for connections. Acceptance
is thus achieved by the annexation of well-known and thus already internalized ways
of acting. Complementary to haptic adaptation to machines, visual identifications of
work material such as red color as a warning or flashing as a sign of danger were in
the engineering-psychological context of the 1920s examples of an “obviousness”
and “mnemonic aid” for the “simple” worker [Gie27, p. 600]. The psychologist
Hans Rupp spoke in this sense with the terminology of Johann Friedrich Herbart’s
of the “narrowness of consciousness” which, on the one hand, was characterized by
a restrictedness of the human receptive capacity and on the other was characterized
by a dependence of the order and structure within which signals and impressions
reach the human being [Rup28, pp. 18—19]. The goal thus lay in delivering signal,
symbol, and significance in a “meaningful context” [Gan31, p. 251]. In a similar
way to contemporary technical design, what was striven for was a close, unreflecting
overlap between the sign and meaningful content, whereby the human being quickly
and intuitively recognizes its mandate for action and does not perceive the interface
itself as a barrier or a problem. A last example: the “falling into sense of movement”,
that is made efficacious here is also reflected imperatively in the “hand rule” that
underlaid and still underlies most technical designs: “shifting and turning to the right
leads right, moving in (opens) or increases. Shifting or respectively turning to the
left leads left, moving out (closes) or diminishes” [Gie27, p. 603].

In most of the demands for Sinnfélligkeit not only the body and its movements but
thinking too should be disburdened and not ‘stand in the way’ of the user. Through the
appropriate design of the user interface, the human being should be able to quickly,
safely, and efficiently arrive at its chosen goal without obstructions and losses (be
these human or mechanical). Human activity thus becomes an intuitive and thus less
fallible reflex.
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3 The Machine Is not Your Friend

‘When one looks at the explanations as well as at the question initially introduced con-
cerning acceptance through adaptation in the 1920s with the advent of Sinnfilligkeit
and object psychotechnics, the view of human-machine interaction seems to change
although different paradigms (familiarity, simple operation, universal user, accident
prevention) have remained constant since then to this day. Where the human being in
studies of time and movement of 1920s Taylorism represented an error factor, psy-
chotechnics saw in it psychological and physiological possibilities as well as limita-
tions. These possibilities and limitations also reappear in the modern view, for exam-
ple that of the German Federal Ministry of Education and Research BMBF. Its 2015
research program—with the telling title “Bringing Technology to the Human”—-
clearly focuses on a human-machine interaction that (with a view to political, social,
and financial support) is not exactly subtly positioned as anthropophilic. The pro-
gram focuses on a “hand in hand” relationship between the human being and tech-
nology [BMB15, p. 5], in which a “responsible” technology [BMB15, p. 6] not only
serves human beings and thus moves them to the “center point” [BMB15, p. 7] but
shall also increase “acceptance” as well as “trust” by “ethical reflection” and design
[BMBI15, p. 6]. These motives were, as already shown, already argumentatively as
well as technically laid out in “Sinnfélligkeit” and have been differentiated through
information-processing machines. However, the humanistic maxim of a ‘coopera-
tion” based on partnership between the human being and the machine as well as a
human-centered operation has remained the same.

According to the credo of “Sinnfilligkeit” as well as of modern usability engineer-
ing, whatis combined in the human factor is, on the one hand, the fear of unpredictable
and surprising irrationality in the form of performance fluctuations and, on the other,
an opportunity for the ethical aspects of work (humanization). On this interpreta-
tion, the human being is indeed in a certain sense subordinate to the machine, on
the other hand the machine must be ethically ‘adjusted’ to it. It was apparent in the
present analysis that a natural-scientific exactitude cannot be simply transferred to
the human being and its statutes. In the descriptions then and today, the living being
seems too complex, too chaotic, too incalculable for a simple mathematization. It
was thus clear to many of the researchers in psychotechnics that the problem factor
‘human being’ required a new treatment of its own. This was provided by the concept
of “Sinnfilligkeit”. The opportunity therein was that of seeing the human being as
a human being and no longer as a slavish muscle ‘machine’. The task was to adapt
the machine such that it “falls into sense’ for the living human being.

In this sense, not only the machine was changed in the argumentative and con-
structive process of “Sinnfilligkeit”, but also the human being. However, it was not
merely a humanistic aspect that was associated with this but rather a more economic
one: in the ‘human friendly’ and ‘user accessible’ machine, it was not uncondition-
ally better for the human being, but its work was more efficient, more disturbance
free and thus more productive when its interaction with the machine ‘fell into sense’.
The fact that these economically dominated, as well as disciplining, accesses to the
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human being are also still present in the modern forms of an ergonomic usability engi-
neering and product design, should at least be noticed—better yet, understood—be-
fore one speaks unreflectingly and prematurely of a ‘humanization of work’ or of
‘human-friendly’ design. The machine is, thus spoken, not your friend but at the most
your work colleague and communication partner. The “Sinnfélligkeit” (in modern
terms: usability) of the interface, however, contributes to the machine being no longer
regarded as something other, unknown and non-human.
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to Users’ Physiological Preconditions L
and Demands

Andreas Argubi-Wollesen and Robert Weidner

Abstract Exoskeletal systems for the workplace are mostly designed to reduce strain
and to prevent musculoskeletal disorders. In order to design these systems accord-
ingly, biomechanical and physiological demands of the workplace and the individ-
ual’s response to these demands have to be known. Hence, biomechanical aspects
during application of the exoskeletal systems have to be evaluated. Biomechanical
analysis delivers tools and methods to investigate responses of users caused by the
interaction between user, workplace, and exoskeleton. This section summarizes com-
mon methods for investigations on body movement, muscular and metabolic activity,
applied forces, and soft tissue constraints.

1 Introduction

In recent years, there has been a steady rise of physical support systems such as
exoskeletons. The claim made by developers of these systems is, that they can be
beneficial in the reduction of work related musculoskeletal strain on the human body
[Loo16]. Therefore, the development of support systems for specific work scenarios
not only comes with technological challenges but also with the need for a deep
understanding of

(a) the amount and characteristics of load induced by the workplace scenario,

(b) the way humans tend to react and adapt to these workloads,

(c) the net-influence of physical support systems as well as

(d) the resulting biomechanical effects caused by the use of physical support sys-
tems.
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If the specific demands of certain workplaces are not fully understood, exoskeletal
systems might not be able to support the user in these scenarios to their full potential.
Worse, they might even present themselves as an additional load to the user, contra-
dicting their intentional value for the user in the first place [Ras14]. Because of this,
developers of exoskeletal systems for specific use cases profit from a biomechanical
and physiological analysis with regard to at least two aspects:

(a) The specific demands of the use case or workplace. Overall, these can be
described as the total work load (weights which have to be carried, duration
of the work, amount of repetitions per time interval, etc.).

(b) The individual physiological strain due to the work load [Bec17].

Based on these findings, areas in need of support can be identified and potential
solutions or enhancements via the application of physical support systems can be
depicted. These are the fundamentals, on which physical support systems have to
be developed in order to be well adapted to workplace demands. Throughout the
development and especially during implementation phases, these systems have to be
thoroughly tested for their ability to actually deliver on their promises—above all,
reducing the individual physiological strain.

2 Consideration of User Heterogeneity

Developers of physical support systems for specific workplaces face a serious chal-
lenge. Although certain workplaces come with an objective workload such as specific
weights to handle as well as a pre-defined range of handling manoeuvers per time
interval, physiological responses to these loads are highly individualized and depend,
moreover, on the used support system. Differences in, e.g., gender, height, weight,
and strength level will create a very heterogeneous response to the actual workload
inside the workforce. In the foreseeable future, exoskeletons will be based on a gen-
eral design, with only small amounts of individual adjustments. Therefore, the basic
design elements must be able to address a wide range of potential users, leading to
the necessity of systematically testing their effects.

3 Evaluation of Biomechanical Effects

In general, what has to be compared is the unsupported condition (work task without
support system) with the supported condition (work task with support system) and
see how user responses to these conditions will differ in order to evaluate the effects
of the support system on the user. Due to the individual responses, it is necessary to
include a variety of different users into the analysis, especially if a statistical sound
analysis of effects on a wider population is to be achieved. It is recommended to
compute an a priori power analysis before conducting a biomechanical study. The a
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priori power analysis determines the amount of test subjects (sample size N) needed
if a certain statistical power for a given level a is to be achieved [Fau(09].

In what follows, different methods and technological approaches of biomechan-
ical analysis are presented, covering a broad range of the current tool-set used in
biomechanics for the evaluation of physical support systems.

Each method presented here is only one, but certainly not the only way, of how
certain biomechanical aspects of the interaction between workplace, human, and a
technical system like an exoskeleton can be investigated. After a short explanation
of the general aims of each method and its general technological approach, the
challenges of adapting the method to the requirements of biomechanical analysis of
physical support systems are briefly discussed.

4 A Selection of Relevant Biomechanical Methods

Biomechanical analysis mostly comprises different aspects of a human’s interaction
with his environment: the motion itself (kinematics), outer forces (kinetics) applied to
the body or caused by its interaction with the environment and inner forces as well as
muscle activity which cause voluntary body motion. Additional to the biomechanical
data acquisitions, cardiopulmonary data such as heart rate, respiration gases etc.
are often times measured to incorporate physiological responses to workload and
possible benefits of exoskeletons in these regards. The following table summarizes a
selection of methods used for evaluation of biomechanical effects including outcome
parameters (Table 1).

4.1 Motion Analysis (Kinematics)

The use of physical support systems will indeed change human motion patterns at
least somewhat, as wearing a device strapped around human joints always increases
weights to the limbs or alters the degrees of freedom for the joints at least partially.
Thus, it is of the utmost importance, that these changes will not be as severe as to
create unnatural or even non-ergonomic motion patterns, thereby contradicting the
intent of using the system as a means of reducing physical strain on the human body.
A biomechanical approach of looking at human movement is by way of analyzing the
body kinematics of the skeletal system which can be described in terms of position
and orientation of body parts, velocities and acceleration of, e.g., body segments or
joints or simply in joint angles between adjacent body segments (motion capturing).
In order to test for changes in motion patterns induced by the use of wearable support
systems, this kinematic data has to be compared between a baseline (work task
without the support systems) and the same task while wearing the support system.
Historically, kinematics has been evaluated by analyzing two-dimensional video
data, resulting in reporting two-dimensional joint-angles and (angular) velocities and
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Table 1 Selection of biomechanical assessment tools in the evaluation of physical support systems

Object of investigation

Biomechanical
method/assessment

Outcome parameters (selection)

Body movement/motion

3D-kinemetry
(optical systems or inertial
measurement units)

Characteristic motion patterns
[joint angles, trajectories,
dynamics (velocities,
acceleration)] with and without
support

Muscle activity

Electromyography (EMG)

Muscle activity in percent of
maximum muscle activity
(%MVC, maximum voluntary
contraction), frequency
spectrum of the EMG-spectrum

Cardiovascular/cardiopulmonary
activity/metabolic effort

Spiroergometry/heart rate
measurement

Heart rate, O,/CO; relation,
relative VO3 in ml/min/kg, etc

Soft tissue constriction

Near-infrared
spectroscopy,
questionnaires

Oxygenation of the blood,
changes in blood flow inside the
human soft tissue

Force/torque (internal, external)

External forces
(dynamometry), internal
forces (inverse dynamics)

Ground reaction forces, joint
torques, instabilities, and
balance (body sway movement

of center of pressure), changes
in force distribution
(time/location)

Health status, user acceptance,
comfort level, level of perceived
exertion, confounding factors,
etc

Individual perceptions of effort, | Questionnaires

strain, comfort etc./health status

accelerations. The value of the use of two-dimensional joint angles is the transparency
for most readers including laymen as, e.g., a reported two-dimensional 90° angle
between upper arm and forearm is something most people can relate to. Most people
will automatically assume a plane which is spanned by the upper and the forearm
acting as an x and y vector, regardless of the orientation of both segments in the
room. However, two-dimensional video data can only be used if the video camera
is pointed perpendicular to the imaginary plane. As almost all work tasks involve
circular motions or rotations around the longitudinal axis, two-dimensional video
data is insufficient for motion analysis. To overcome these shortcomings of 2D-
Video data, the use of three-dimensional motion capture systems and methods has
become commonplace throughout the last two decades. Nevertheless, in reporting
kinematic data such as joint angles, it is still common to use two-dimensional values.
Most 3D-kinematic toolsets can be divided into two distinct technical approaches:
optical systems and a networks of inertial measurement units.
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4.1.1 Optical Systems

The use of optical systems is widespread in biomechanical labs throughout the world
and still serve as the gold standard when it comes to precision and reliability of
kinematic data. Although there are different systems on the market, the basic principle
of optical systems is the use of a multitude of infrared cameras around the subject
to be analyzed (a minimum of six to eight cameras mostly). Optical motion capture
systems will track either one of two different types of markers attached to certain
pre-defined areas of each of the subjects’ body parts or segments: active markers
emitting infrared light or passive markers, reflecting infrared light beamed upon
them via infrared light emitting cameras.

If the infrared light (emitted or reflected) is picked up and received by two or more
infrared cameras, the optical system can compute the three-dimensional positional
data of these markers inside the observed room (capture volume) by triangulation. As
a result, the markers represent the positional data of the attached body segments in a
three-dimensional volume. In order to create kinematic data out of this information,
an underlying biomechanical model is used, which will, e.g., calculate joint angles
or angular velocities based on the data. Depending on the topic of the investigation,
different marker-sets are being used. Two distinctive types of marker-sets can be
distinguished: anatomical and cluster marker-sets.

The first type makes use of palpable bony landmarks where markers are attached
to, the latter uses pre-defined sets of multiple markers per body segment. Both types
do come with specific advantages and disadvantages. What is to be considered is, that
even though optical motion capturing methods are commonplace in biomechanical
analysis, there is no standardization for certain marker-sets nor for the mathematical
calculation of joint angles etc. Therefore, prior to any investigation, the marker-sets
as well as the underlying kinematic calculations in use should be assessed regarding
validity and reliability. A systematic review about different approaches can be found
in [Vall8].

A major drawback in the use of optical systems for the evaluation of wearable
support systems is the potential occlusion of the markers by the support system.
Depending on the size and design of the support system even the attachment of
markers to certain body parts in itself can be problematic [Dul6]. Furthermore, as
the calculation of joint angles etc. are mostly based on pre-defined marker-setups,
changing these setups due to restrictions presented by the support system will result
in additional validation efforts for the newly created marker-sets, see exemplary in
Fig. 1.

4.1.2 Inertial Measurement Units
Another technological approach to assess body kinematics without the need of an

array of mostly highly expensive infrared cameras as with optical systems, is the
use of inertial measurement units. As there is a whole paper on the use of inertial
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Fig. 1 A digitized subject with an optical marker-set of anatomical and cluster markers (left), body
segments are defined by clusters (right) in Vicon Nexus™

measurement units (IMUs) for motion capturing included in this book, the following
explanation will be very short, and readers are kindly referred to part I11.

In contrast to optical systems, the IMU-System does not rely on cameras and
markers, but on inertial measurement units attached to body segments. Normally, if
joint angles are to be calculated, the use of a minimum of one IMU per adjacent body
segment is necessary. Therefore, the ability to record kinematic data for the whole
body will result in the need of ca. 20-25 IMUs, depending on the biomechanical
model in use. The IMUs will detect changes in space coordinates, velocities, or the
magnetic field. The biomechanical model will provide certain assumptions of how
the IMUs can move in conjunction in form of model-based sensor fusion algorithms.
Based on these, the kinematic data can be calculated.

Even though the potential optical occlusions of the IMUs by a wearable support
system are of no consequences, unlike with the optical systems, the use of IMUs in
this context is not without challenges. As with the marker-sets of the optical systems,
the biomechanical models in use do make certain assumptions on where the IMUs
are placed on the human body. Hence, depending on the support system, these areas
might be unavailable or the sensors will hinder the range of motion of the user while
wearing the support system. In addition, certain IMUs do react very sensitive to any
electrical system close by, resulting in unreliable or disturbed data. Especially with
active support systems, the use of IMUs for biomechanical data present their own
challenges due to these constraints. At least, the models in use should be validated
against another reference, if possible against optical systems [Rob17].

4.2 Analysis of Forces (Kinetics)

The use of kinetics in biomechanical analysis for the evaluation of the effects of
exoskeletal systems can be separated into two distinctive parts: the determination of
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external forces caused by the subject during interaction with the exoskeleton and the
calculation of internal forces and torque generated in the joints [AlkO1].

External forces caused by the user (with and without the use of an exoskeleton) are
mainly assessed with force plates or force detectors. Force plates, using strain gauges
or more commonly piezoelectric sensors, are mainly used to determine the amount
and direction of ground reaction forces. The assessment of forces generated by the
user can be helpful in answering questions of how the use of physical support systems
will, e.g., alter the user’s stance and how forces are projected throughout the body
[Sin09]. There is a longstanding tradition in gait analysis regarding the utilization of
force plates to assess ground reaction forces and other outcome parameters derived
from this information.

Force plates are mostly used in the biomechanical evaluation of exoskeletons for
the lower legs (or the whole body for that matter), aiming for assistance during gait.
As force plates are an integral part of clinical gait analysis, it makes perfect sense.
Force plates can detect the amount and direction of ground reaction forces during
contact phases of the gait. Therefore, any differences in kinetic-temporal parameters
between a supported and unsupported gait are clear indications of effects caused by
the exoskeleton. Exoskeletons with a focus on rehabilitation purposes aim to change
these parameters in directions of those seen with healthy subjects (knowing very well
that gait patterns are highly individual).

The use of force plates at the ground is also beneficial in the evaluation of upper
limb exoskeletons, even when there is no walking involved, e.g., at stationary work
places, as exoskeletal systems worn on the upper body influence postural stability
and body sway. A human standing has to maintain its posture by generating muscle
forces around the joints (ankle, knee and pelvic) that will counter body sway that will
lead to postural instability. The human body acts similar to an inverted pendulum
in this regard, with constant motion around its center of gravity. This effect (the
constant body sway maintained by muscular activity) is easily felt when closing the
eyes while standing upright.

Upper limb exoskeletons, especially active ones with carried power source at the
back, have a similar effect on the maintenance of postural control as regular backpacks
do. As these cause compensatory kinematic changes at the trunk (forward lean) or
at the pelvic (pelvic tilt) and increase body sway (higher loads cause higher sway
velocities [Str17]), it is safe to assume that exoskeletons for the upper body will cause
similar effects. Additional to the weight of the exoskeleton, any of the aforementioned
effects on the human body will add load on the user, thereby acting detrimental
towards the exoskeletons aim of reducing physiological strain. By analyzing the
ground reaction forces during work tasks while wearing a support system (in most
cases, a test subject will stand on a single force plate), the amount of additional
load forced upon the body by the support system is verifiable and its effects on
body position and disturbances of posture. Any changes to the posture will cause
differences in the projection of the center of pressure (COP) on the surface of support
(the ground).

Furthermore, with the help of measured ground reaction forces in combination
with kinematic data, the internal net joint moments can be calculated using inverse
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dynamic equations [Fral4]. Comparing these between supported and unsupported
tasks will deliver another layer of expertise about how the exoskeleton will alter joint
kinetics [Hwal5] and if its use is to be considered beneficial or potentially harmful
to the user [McG17].

4.3 Analysis of Muscle Activity (Electromyography)

Maybe the most used biomechanical analysis in the evaluation of physical support
systems of all presented methods in this section is the electromyographical analysis
(EMG) [Cho13]. What can be derived from EMG-Analysis is the electrical activity of
the muscles’ motor units. However, it is necessary to address some misconceptions
regarding EMG-analysis being quite widespread in non-biomechanical domains.
Due to the stochastic nature of the EMG-signal, it is not a direct measurement of
strength, especially not in comparison to other people. Furthermore, there is no
directly measurable relationship between the amplitude of an electromyographical
signal and the exerted force by the user [Hal12].

In EMG-Analysis mostly non-invasive surface EMG-sensors are placed upon the
skin (surface EMG). In order to evaluate the EMG-Signal it has to be normalized
against a reference value. This reference value is created by maximum voluntary
contraction (MVC) measurements directly prior to the actual measurements. The
general idea behind MVC measurements is that these will present themselves as a
100% contraction value. Any of the actual EMG-measurements will be presented
as a percentage value in reference to the MVC [Ottl8], as shown in Fig. 2. An
important distinction is, that these MVC measurements are mostly done with maximal
isometric contraction, that is, the EMG-Signals derived from these, can be even
higher than the MVCs which is due to the highly dynamic movements during the
actual measurements [Hall2]. This makes the 100% assumption of the MVC kind
of misleading. Granted, most work tasks involve slower movements so that these
shortcomings of the MVC measurements do not play such a big role in these cases
as, for example, compared to highly dynamic movements in sports.
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One of the biggest hurdles in maintaining a high-quality signal, which can be fur-
ther analyzed, is the reduction of various signal noise or artifacts. Noise can be based
on different internal or external factors. An internal factor is the amount of fat tissue
under the skin, causing changes to the impedance between sensor and motor units.
External factors such as electromagnetic noise produced by running machinery or
the support system itself will also affect the signal negatively [Bux12]. The latter is
one of the main reasons why sometimes EMG-measurements at the work place will
fail. Although EMG-measurements are of high value for biomechanical analysis at
the work place due to the small amount of technical equipment needed, especially in
industrial facilities, the amount of electromagnetic noise produced by heavy machin-
ery will hinder EMG-measurements. In cases where the electromagnetic noise will
be only induced by power outlets, this so-called Power-Line-Interference, occurring
mainly in the 50 or 60 Hz spectrum, can be removed by digital filtering afterwards
without taking away too much of the signal’s information.

Furthermore, the EMG-signal is highly sensitive towards motion artifacts
[Bux12]. Any external disturbance of the spatial relationship between sensor and
motor units of the muscle will alter the signal quality tremendously and any post-
measurement filtering method will reduce the signal’s quality even further. Unfortu-
nately, many physical support systems such as exoskeletons will indeed create motion
artifacts through pressure on top of the sensors in places where the exoskeleton will
cover body areas which are of interest for the evaluation [Ruk16].

Therefore, it is of high importance to create a test scenario, where most of the men-
tioned disturbances, whether through external influences or through motion artifacts,
are taken care of in the first place.

4.4 Near Infrared Spectroscopy (NIRS)

The use of physical support systems always ensues the challenge of strapping the
system to the user in one way or another [Jar12]. Doing so without harming the user
is contingent on holding any system-human interface in place without using straps
that dig into user’s soft tissue resulting in insufficient blood flow and skin irritations.

A novel approach of testing for any insufficient blood flow induced by the sup-
port system is the use of near infrared spectroscopy (NIRS) [Ham11]. NIRS is a
non-invasive optical measurement tool. Its main purpose is the identification of con-
centration changes of oxyhemoglobin (Hb0) and de-oxyhemoglobin in the blood. It
is primarily used in cortical signal analysis such as in visualization of brain activity,
leading to its use as the tool of choice for brain-computer interfaces. Nevertheless,
the possibility of measuring blood flow as a secondary outcome value of NIRS mea-
surements [Jon16] makes it a valuable tool for measuring restricted blood flow as a
result of compressed or constricted human soft tissue at human-exoskeleton inter-
faces (see Fig. 3). The amount of reduction in blood flow could then potentially be
used as an indicator for the severity of soft tissue irritation induced by the human-
exoskeleton interface. Given the changes in interaction between interface and human
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Fig. 3 Example of restricted bloodflow due to local muscle compression between 250 and 350 s,
measured with a NIRS system (upper line represents oxygenated and lower line deoxygenated
blood)

soft tissue during the actual motions while wearing the exoskeleton like changes in
pressure, relative movements between skin and interface [Cem14], etc., such anal-
yses are by no means easy to conduct or to interpret. Currently, there are only few
biomechanical studies which make use of NIRS as a way of describing the amount
of occlusion of blood flow let alone using it as a tool for analyzing negative side
effects of human-exoskeleton interfaces.

Many users of exoskeletons report a serious restriction in freedom of motion and
discomfort. Assuming the exoskeleton provides sufficient degrees of freedom for the
supported joint, it must be the interface which needs to be optimized. If NIRS does
present itself as a viable and cost-effective method to measure the strain on the soft
tissue, it is worthwhile to take a closer look at this method in future biomechanical
research when it comes to ascertaining the effects of exoskeletons on its users.

Most of the aforementioned biomechanical measurements take a look at very
specific body parts. The EMG data yields insights concerning the muscle activity of
local muscle areas and the kinematic data is mostly interpreted on the basis of joint
angles of adjacent body segments. What is missing is the use of global parameters,
which can express the amount of strain reduction caused by the use of an exoskeleton.

It is quite safe to assume that the use of a specific exoskeleton might reduce the
necessary muscular activity in targeted areas on the one hand, but might cause an
actual increase in total body strain due to its weight or internal friction on the other
hand. Simply measuring the reduction in muscular activity at the targeted muscle
groups without any additional parameters might therefore lead to false reports on the
overall usefulness of the exoskeleton.

What is needed is a global, overall indicator of how much stress is put onto the test
subject by the work task and by how much the exoskeleton might help in reducing
this stress despite causing an additional load by its weight which has to be carried
additionally by its user [Pan16].
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The easiest parameter to check for this is the heart rate. The heart rate (and its
difference between conditions) is a formidable global parameter to find out how the
work load (and additional load by the exoskeleton) will affect the user’s cardiovas-
cular system. A heart rate monitor is cheap, easy to apply and its interpretation rather
uncomplicated even for non-physiologists or biomechanics experts. Another way to
look at individual strain is by using specific questionnaires (see the section below).

4.5 Spiroergometry

Spiroergometry is a method of analyzing physiological parameters such as respira-
tory gas exchange, heart rate, etc. As such, it is not a biomechanical analysis per se,
but since it is often used in combination with biomechanical methods such as 3D-
kinemetry and EMG-analysis we will present its general approach here. Spiroergom-
etry can be used to identify the individual cardiopulmonary and metabolic response
to a given task. In medical assessments, spiroergometry is often combined with elec-
trocardiography (ECG) but in the assessment of physical support systems such as
exoskeletons it is mostly used to determine the amount of physiological effort during
a certain task [Gal17].

In a nutshell, what spiroergometry does is the detection of O, and CO, during
respiration. As the metabolism will change during exercise or work task, so will the
relation between O, and CO,. Additional to other outcome variables such as the
amount of respiratory gas exchange during every respiratory cycle and heart rate
(via a heart rate sensor) these variables are a product of the individuals metabolism
and will thereby give insight into the cardiopulmonary impact a given task will have
on the individual. As with EMG-analysis, these parameters are highly individual
and depend on, e.g., fitness level, age, and gender. Inter-individual comparisons are
only feasible when intra-individual changes between a baseline and test condition
are compared—and not by any comparison of the outcome parameters themselves
or when the values are normalized against, e.g., the body weight.

By comparing the outcome parameters between an unsupported and a supported
task, it is possible to quantify the difference of global effort in between conditions. If
a user’s cardiopulmonary system and metabolism will benefit of a physical support
system, the spiroergometry should provide the answer, as it will give a direct insight
into the cardiopulmonary response of the user. However, as good as such a global
outcome parameter of individual response may sound like, it is still not sufficient
enough to be used solely. Even if the use of an exoskeleton for a given task will show
reductions in cardiovascular strain in comparison to a performance without such an
exoskeletal device, there are still aspects of possible kinematic or kinetic changes
from one condition to the other to be considered. In the long run, alterations to body
movements due to the exoskeleton might cause shear forces at the joints or postural
deformities. This is why kinematic analysis plays such a vital role in the analysis of
physical support systems.
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4.6 Questionnaires

Even though questionnaires are no biomechanical analysis tools, it is most common
to combine biomechanical analysis with a questionnaire in order to gain insight into
user perceptions such as comfort, pain or other aspects of human-machine interaction.

Next to this kind of questionnaires, there are also a few standardized questionnaires
which will help researchers to control for confounding factors in their test pool or
complement biomechanical and physiological variables. Borg’s RPE scale [Bor9§],
is for example one of the most used questionnaires in biomechanics to control for a
homogenous strain on the test subjects induced by the task. The Ratings of Perceived
Exertion (RPE) focusses on individual effort or strain while undertaking a certain
task. The RPE-scale is a “relative” scale, asking about the “perceived” exertion
caused by a certain activity and ranking it from a minimal to a maximal intensity
[Bor06]. If, e.g., the RPE scales inside a test population or between groups will
differ significantly, a comparison of physiological or biomechanical data must take
into account, that the task at hand is most likely not of the same quality for all of the
test subjects, meaning that even if the task itself is the same for everybody, individual
differences like gender, height, strength, and experience will cause individual strain
profiles [HamO09].

Another standardized questionnaire, often used to address homogeneity of a pool
of test subjects is the Short Form Survey [Bul98]. This questionnaire measures eight
different concepts regarding the individual health status like general health, bodily
pain, vitality, etc. Because of its wide focus on a range of health-related aspects, it is
mainly deployed as a tool to check for overall comparability in a test pool, filtering
out subjects who may deviate too much as to be included in the test pool or to
differentiate different groups inside a test pool. Clearly, those broader questionnaires
are not meant to differentiate when it comes to specific questions such as if the
test subjects are free of pain at specific body parts. The latter is critical, when for
example an exoskeleton for the upper limbs is to be tested and the researchers have
to make sure that the test subjects do not suffer from any kind of shoulder ailment. In
these cases, researchers will rely on specific clinical assessments and questionnaires.
However, in biomechanical analysis, the use of one or two specific questionnaires is
most likely necessary to control for confounding factors.

5 Discussion

The evaluation of how physical support systems will interact with the human user is a
major contributor in designing and improving these systems. Most of all, biomechan-
ical analysis has to answer questions of how much the use of support systems will
benefit their users. But one often neglected question is how much these systems will
act as an additional load or alteration of human movements, resulting in unwanted
harmful interactions [Hil17]. Each of the different methods of biomechanical analy-
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sis mentioned in this chapter can provide answers for certain aspects of the interactive
support relation of human and machine while wearing an exoskeleton. Therefore, a
set of different methods have to be combined to come up with an appropriate analysis
of a users’ interaction with a physical support system.

A combination of motion capturing methods, EMG-analysis and dynamometry,
e.g., is capable of delivering answers about the amount of reduction of muscular
activity by wearing an exoskeleton accompanied by an analysis of how much addi-
tional load has to be carried by the user and how movements will differ compared
to the unsupported task at hand [Mall5]. Clearly, regarding the technical and time
effort, these analysis combinations are mostly done in a laboratory. While it should
be considered good scientific practice to match work tasks in the lab as closely as
possible to their real-life counterparts, the former will always be influenced by an
abundance of additional environmental and social factors. This is why in addition to
biomechanical analysis of support systems in the laboratory, the real-life applications
of these systems have to be analyzed as well to compare and validate the findings
made in the lab. As [McG17] pointed out, even as tests in a laboratory will state that
the use of an exoskeleton will be biomechanically favorable as, e.g., joint moments
or loads on the human body will be reduced [Jacl7], it is by no means certain that
such a device is clinically indicated or will thereby automatically reduce muscu-
loskeletal issues at the work place. To answer these questions prolonged field tests
are needed—including biomechanical and physiological analysis at the workplace
in conjunction with expert screening and user feedback.
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Abstract In the ongoing digitalization of society new technical systems and tech-
nologies are increasingly penetrating people’s everyday lives. In order to be able to
analyze the resulting complex interactions and forms of networking, a participative
approach is needed to identify the needs of these user groups. Empirical studies, e.g.,
mass studies, are important because it may be required that many stakeholders have
to be questioned in a short period. In this article, various methodological approaches
are presented using best practice examples to show the strengths and weaknesses of
these methods.

1 Introduction

Technical systems and new technologies permeate our everyday lives more and
more and are a fundamental part of our environment. The sustainable development
of appropriate systems and products for the integration into the respective socio-
technical systems requires a participatory approach. Through this practice both
the needs and desires but also the fears and obstacles of potential future can be
considered. This topic is of particular importance due to the increasing complexity of
interaction and networking of people with technical components. It may be necessary
to involve and question a large number of stakeholders in a short period to create
user profiles, e.g., to generalize or validate results from empirical studies of smaller
samples in the laboratory or field. In order to support an usage that is independent
of a specific discipline and possible application-contexts different methodological
approaches and systematics of this topic will be briefly explained below, according
to their use in the human-centered development cycle DIN EN ISO 9241-210.
Concrete best practice experiences for different implementation variants will also be
presented, which consider the strengths and weaknesses of the respective methods.
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1.1 Theoretical Background

Since the emergence of empirical research, different paradigms have maintained
the focus on social development from different perspectives. Together, they aim to
collect a massive range of data in order to be able to make statements on their specific
subject area [Vis14]. It must be carefully considered which design can best cover or
answer a specific question, because different research designs can lead to different
results [Zhal7]. In this context, mass surveys represent a large part of empirical
research. They are able to anticipate social trends in a broad group and make them
measurable by means of statistical methods [Sch49]. Also, they are able to verify or
falsify hypotheses and to generalize statements about the relevant population. Mass
surveys are necessary for participatory requirements analysis, as a large number of
different actors have to be questioned about new developments in a short period of
time in order to identify possible needs for action and to develop target group specific
design recommendations. The procedures described below can be used to ensure that
the results obtained in the studies have a certain degree of generalizability and that
other research groups with a similar background can take up these results.

1.2 Mass Surveys as Part of a Human-Centered Development
Process

The participatory conception, implementation, and evaluation of new technical sys-
tems and technology-supported services is divided into four concrete steps and asso-
ciated usability engineering activities in accordance with the “human-centered devel-
opment process” of DIN EN ISO 9241-210: (1) Understanding and describing the
context of use, (2) specifying usage requirements, (3) developing design solutions,
and (4) designing solutions. By purposefully iterating these steps until the design
solution meets the usage requirements, the design can be based on a comprehensive
understanding of the users, work tasks, and the working environment and also take
complex reciprocal socio-technical dependencies into account. By using methods
of mass surveys an extremely effective and efficient realization can be achieved,
especially for steps (1), (2), and (4). In order to decide which method can be used
meaningfully, the time dimension has to be taken into account—whether it is a long-
running process that provides for regular iterations and revisions of the technical
components or whether it is a completed development process that is no longer
adapted after finalization of the specification. Depending on this, methods from
either the field of longitudinal studies or from the field of cross-sectional studies are
preferable (see Fig. 1).
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Fig. 1 Methods of mass surveys applied in the human-centered development process

In the following sections, concrete best practices for the use of mass surveys from
application-oriented practice will be presented and discussed with regard to their
strengths and weaknesses. The aim was to identify the requirements for the design of
innovative technical systems and technology-based services with a “large” sample
size in all examples.

2 Longitudinal Studies

Longitudinal studies are designed to investigate changes in social and individual
processes over time. In contrast to cross-sectional studies, longitudinal studies are
conducted at multiple points in time and the results are compared between the dif-
ferent times. Two different forms of longitudinal studies are distinguished: the panel
study, where the same sample is used at each point in time, and the trend study, where
different samples are used at different points in time.
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2.1 Panel Studies

The data from panel studies are difficult to collect and they are more costly to gather
than data from cross-sectional studies [Hsi07]. Beyond that there is always a loss
of data, for example when some of the former participants are not available at the
next point of data collection. Therefore, the sample at the beginning must be suffi-
ciently large that the loss can be absorbed. However, a systematic bias might occur as
characteristics of those participants who no longer participate in the data collection
might correlate with aspects of the object of investigation, e.g., they might be not
participating anymore because they are too old (in the case of age differences) or too
ill (in the case of medical research). The advantage over cross-sectional studies is a
greater capacity to display the complexity of human beings, including characteristics
and behavior [Hsi07]. Also, panel data allow a direct “before and after”” comparison
on an individual basis when a within-subject design is given, since data exists for the
same person at different points in time. In studies concerning decriminalization or
the use of new therapy forms, for example, this is indispensable. Finally, such studies
highlight dynamic relationships, that is, correlations can be found and interpreted.

2.2 Trend Studies

Contrary to panel studies, trend studies contain different samples, so many more
participants are needed overall. The acquisition of participants is thus more time-
consuming and costly. But as a benefit, every sample is tested only once, and no
potential systematic loss exists like it does with panel studies. However, another
kind of systematic bias within the sample might occur as in all voluntary surveys:
participants with less interest in the topic of the survey are less likely to answer the
voluntary questionnaire. With the results of a trend study it is possible to interpret
variations in data based on the whole sample, which should represent the popula-
tion. It is not possible, as it is in panel studies, to attribute variations directly to
interindividual differences, as here a between-subject design is used. In this form
of investigation, the data of different samples is collected at each round of imple-
mentation so that not individual changes but rather generic differences are identified.
In order to achieve representative and generalizable results, however, the respective
sample, the so-called cohort, is built up in a way to be as comparable as possible, for
example with regard to age, gender, social, and cultural background. It can be stated
in conclusion, that if the main research focus is on evolving trends of, for example,
technology use over time rather than, for example, individual learning effects, a trend
study is more applicable than a panel study. Panel studies are only important if the
focus is on individual change over time.

The first challenge when setting up a trend study is to involve a large number of
participants who are representative for the population. One good way is to contact
professional address providers, who may even sort or restrict your sample to condi-
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tions important for the research, like a specific age group. For the long-term trend
study of the “Tech4Age” project [Will6, Mer17] the authors used the service of DHL
and sent a 26-page paper-based questionnaire to 5000 people of 60 years or older
equally distributed over the whole of Germany. Initial case numbers in the thousands
are normal in trend studies, as only 10-20% of the questionnaires are returned. Send-
ing out such huge numbers of questionnaires entails a lot of handwork for a small
research group, which might be another reason to pass this over to a professional
service provider. The response rate will depend on the topic, size, and appearance of
the questionnaire. Therefore, it is recommended to keep the questionnaire as short as
possible and frame it with a covering letter that explains the topic and the necessity of
the research in short and comprehensible sentences. A postage-paid envelope should
also be included to avoid costs for the participants. As an incentive it should be
mentioned in the cover letter how important the opinion of the participant is for that
field of investigation. Some surveys also offer a prize draw, giving those people who
return the questionnaire the opportunity to win a small prize. Nevertheless, return
rates over 15% are rare for these voluntary random requests, so ten times the number
of surveys should be distributed than answers required. Overall, the bigger the sample
is, the better and more trustworthy the results will be. Trend studies might contain
both qualitative and quantitative questions. However, as big sample sizes are to be
dealt with, the analysis of qualitative data would be enormously time-consuming.
Therefore, it is better to concentrate on quantitative research and use open questions
and qualitative research only if necessary. If the trend study is paper-based, it should
be kept in mind that all incoming questionnaires have to be transferred to electronic
media for further data analysis. It is thus preferable to handle this by means of an
automatic read-in process during the scanning of the returned questionnaires. There
are programs specialized in this approach (e.g., Remark), but the questionnaire has
to follow a specific layout in terms of size, position, and answer categories for this
to work properly. This has to be considered when designing the questionnaire.

3 Cross-Sectional Studies

In empirical research, one speaks of a cross-sectional study or cross-sectional design
when an empirical investigation is performed once. In contrast, a longitudinal study
is performed several times in succession. Cross-sectional studies compare the results
of each participant and provide information about the prevalence of a behavior or
attitude. Moreover, the data can provide a “snapshot” of individual characteristics
at a specific time. The procedure of a cross-sectional study is generally quicker,
easier, and cheaper compared with longitudinal studies. Furthermore, there is no
data loss, due to the fact that one participant is only interviewed once [Sed14]. But
simultaneously this limits the studies because they do not permit indications of data
differences over time [Lev06]. This makes it hard to find causal correlations. The
obtained values form the dependent variables.
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4 Best-Practices for Methods of Mass Surveys

4.1 Web-Based Surveys

A web-based survey can be used to conduct qualitative as well as quantitative research
[Eys02]. Data is collected through a self-administered electronic set of questions on
the web. Web-based surveys are used for data collection and should be incorporated
when the study design as well as the questionnaire are fully defined and developed.

Depending on the electronic tool used to conduct the survey, its physical appear-
ance and presented information can usually be adapted easily. Web-based surveys
additionally offer the potential to create a dynamic questionnaire, that is, questions
are hidden or revealed depending on the former answers of participants. This pre-
vents the participants from getting bored or frustrated with questions they can not
or do not want to answer. Also, further specific questions can be asked, making the
collected data much more informative. Regarding data quality, web-based surveys
have further advantages. The used electronic tool can monitor data input and give
feedback on whether a question is missed or data input is wrong. These are some
reasons why web-based surveys have been claimed to reduce respondent error and
increase the completeness of responses.

But these functions also come with disadvantages. Participants might be “forced”
to answer certain questions to proceed and therefore might not choose the most
suitable answer, but simply click randomly in order to proceed. This shows that
the design of web-based surveys needs to be tested extensively as the electronic
questionnaire is the sole form of communication between investigator and participant.
To detect incorrect inputs, the software needs to know which answers are valid. For
quantitative studies with closed-ended questions this is quite easy to determine. But
in the case of qualitative research with a lot of open-ended questions it becomes a
lot more difficult to determine the right answer and therefore use this error detection
function. Our experience has shown that web-based surveys should be used for
quantitative studies with few open-ended questions, the answers to which can be
determined quite well in terms of type as well as possible length [Ras17]. The use of a
web-based survey to conduct qualitative research with open-ended questions should
yet be considered, as this type of survey avoids the transcription of handwritten
answers for analysis.

Web-based surveys are suitable for reaching a large group of participants with
a small team of investigators. Therefore, and because of the instant recording of
data, web-based surveys are frequently described as potentially time-, effort-, and
cost-saving.

The recruitment of participants for web-based surveys can be done in different
ways. There are several examples with quite good results recruiting via web, e-mail,
or social media [Ras17, Thel7, Brol6]. Web-based surveys are less intrusive as
participants do not need to answer the survey immediately but can rather choose
a time and place to answer the survey free from stress. Research has shown that
recruitment via web, e-mail, or social media is not representative regarding a whole
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population but is suitable for reaching individuals with particular characteristics
or interests, e.g., potential users of a certain game, experts in robotics, or users
of electronic health records [Bes04, Top16]. Users of social media platforms like
Facebook are adequate in terms of representative population characteristics [Rif15].
Limited access to the internet, security issues, and technical problems might also
indicate differences among participants.

All in all, web-based surveys are a suitable and cost-efficient way to conduct
quantitative research among individuals with specific characteristics in a short period
of time.

4.2 Paper-Based Surveys

Paper-based surveys, as the name already implies, are surveys that are distributed
on paper via mail or by handing the surveys directly to participants. Because of the
heavy use of online surveys in recent years, paper-based surveys are sometimes seen
as outdated, although there are still advantages to paper-based surveys in comparison
to online-based designs.

One advantage is the fact that not every age group addressed in a study uses
computers and online services on a regular basis. People aged between 50 and 75
years show significantly less initiative to complete online surveys and prefer the
use of the paper-based form [Bec09]. In order to account for visual impairments of
older people, the font of the paper-based surveys can be scaled to an appropriate
size, without affecting display problems by deforming or distorting the typeface
on the screen. An example of an analysis which often needs a sample that spans
multiple different age groups and where a paper-based survey would be appropriate
is the Kano analysis. The Kano analysis is based on the Kano model, a model which
is used to examine product features with regard to their impact in early stages of
the development of innovative products and aims at effectively integrating different
target groups into the developmental process [Bral6] for example used the Kano
model to analyze different customer requirements with regard to a technical mobility
aid. To categorize product features, a positively formulated question and a negatively
formulated question are asked straight after each other. After several product features
are assessed in this way the model is built and design recommendations can be
deduced [Kan84].

The use of the paper-based form of survey is also appropriate for age-independent
samples. Some surveys require the participation of a specific sample, e.g., experts of
a specific field, which might be hard to find. In this case, it might be easier to give
the survey in person to a subject, e.g., at a conference or a meeting, than sending
the survey online via e-mail, as people usually have a pen to hand and are willing
to fill out a survey on the spot at an event instead of answering online questions
after an event. An example of a study based on expert ratings was published by
[Bro13]. The researchers studied services with regard to medical care in the future
and administered a Delphi study. A Delphi study is a systematic, multi-level analysis
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of experts’ ratings. A panel of experts convenes and gives feedback on selected
topics by means of a survey in two or more rounds. After each round an anonymized
summary of the experts’ ratings from the previous round as well as the reasons they
provided for their ratings is created and given to the sample in the next round. It is
believed that during this process the range of answers will decrease and the group
will converge towards the “correct” answer. The Delphi study is an example where
a paper-based survey would be highly recommended.

Although there are a lot of advantages of paper-based surveys, there are some
disadvantages as well. Paper-based surveys deploy finite resources (including paper)
and are therefore not environmentally friendly in large quantities. Moreover, the high
cost for material, printing, and mailing are not to be underestimated and should be
considered especially for large cohorts. The processing of the data sets also requires a
number of additional resources, since the questionnaires must generally be digitized
before the concluding evaluation. Finally, and foremost, paper-based surveys are not
dynamic, or rather they can only be dynamic to a certain extent. That means that it
is more complicated to form groups of people who answer questions based on their
answers to previous questions, something which is easily achieved in web-based
surveys through the integration of dynamic loops.

4.3 Large-Scale Surveys as Part of a Smartphone Application

Study designs to investigate user behavior and the effect of apps on users typi-
cally require direct contact between participants and examiner as part of participant
recruitment and briefing, as part of the instruction of experimental hardware as well
as during surveys. However, the direct contact can cause effects of social desirability
on the participants’ behavior and opinion, especially since health-related behavior
is socially relevant. During investigations of usage duration and drop-out rates, fur-
ther biases can result from specifying an end time of the experiment, by the users
“persisting” despite the fact that their motivation has declined. Another problem is
the Hawthorne effect. This effect is defined as a change in behavior resulting from
the participant’s consciousness about his participation in a study. The salience of
the study situation is further increased by personal contact, the use of study-specific
devices, the knowledge of an end date, and additional interviews.

One solution addressing the described drawbacks are surveys and behavior track-
ing by smartphone applications and persuasive self-monitoring systems. Since the
recording of data is already an integral part of the monitoring system, these data
can be evaluated in the context of a certain research question. The widespread use
of smartphones makes it possible to let participants use their usual phone instead
of unusual, study-specific devices. The core of the proposed method is denoted by
providing a smartphone application in common app stores. As part of the installa-
tion process, the user is informed about their participation in the surveys and agrees
to this and to the collection of their data. For comparative studies, one of several
app versions may be randomly assigned during installation. Relevant data can be
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recorded as far as possible during use. Usage duration should be taken into account
here.

The described process of recruitment and the exclusion of direct contact estab-
lish a distance between participants and examiner and thus ensure anonymity for
the participants. This is important in order to avoid a feeling of being observed or
evaluated, which could encourage the participants to act in what they consider to be a
socially desirable way. The possibility for participants to use their own smartphones,
the availability of established distribution paths (app store) as well as the exclusion
of purely study-related activities and a temporal limitation increase the naturalness
of the usage situation. Additionally, making the application available in an app store
answers the question of whether participants would use the application in real situ-
ations. The composition of the user group with regard to the recorded data can also
be determined without sample bias, although limited information might be available
about the users’ demographic variables in cases where not explicitly queried.

Experiences indicate that the Hawthorne effect and socially desirable behavior
can be largely avoided with the chosen study design. However, while studies with a
classical design report low dropout rates, smartphone-based surveys and data moni-
toring studies commonly face dropout rates of around 75% already after one week.
This is comparable to results from media usage surveys, which show that on average
80% of all installed apps are not used. Another limitation of app-based investigations
is a sample of participants who are already interested in the objective or who have
higher affinity to digital technologies. This method is therefore only recommendable
if the characteristics of users who download the app can be expected to match the
characteristics of the target population. Furthermore, the final number of participants
is difficult to predict, which is why sufficient time for advertising and PR of the app
needs to be ensured.

In order to have valid experimental data, both active and passive usage should be
recorded. In this case, high exclusion rates are to be expected to influence the quality
of experimental data. Finally, the development effort is not to be underestimated. The
smartphone application must be a market-ready product, with users expecting techni-
cal support as well as constant bug fixes and functionality extensions. It is important
to consider that this approach is not suitable for investigations that require additional
information to the data collected by the monitoring system. It is, however, suitable
to investigate application usage and to compare different application components on
use behavior tracked by the monitoring functions.

5 Conclusion

The aim of this chapter is to demonstrate different best practice examples in the field
of mass surveys. A brief theoretical introduction to the subject of mass surveys and
human-centered development designs was given before various forms of research in
the field of mass surveys were presented. In a first step, longitudinal studies—trend
and panel surveys—were discussed. In a second step, cross-sectional studies as an
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alternative approach were presented. The focus of the latter chapter was on web-
based and paper-based surveys as well as surveys with smartphone applications to
realizes large-scale surveys.

Regardless of the methodology used, it must be borne in mind that the data col-
lected may contain personal information which must be treated with due care. In
addition to the principles of data protection, such as data economy, earmarking, and
transparency, strong anonymization procedures or, in the case of investigations in
within-subject design, consistent pseudonymization can be used to ensure that the
data can no longer be directly assigned to any person. In addition to the consider-
ation of corresponding rules, which are a partial aspect of Responsible Innovation
and Research (RRI), the ethical, legal, and social implications of research should be
considered prospectively and all involved stakeholders should be taken into account
in the sense of a continuous participation.

The overall aim was to link theoretical background with information and practical
experience in the interdisciplinary research project Tech4Age (www.tech4age.de)
and thus demonstrate the advantages and disadvantages of these methods.
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The Burden of Assistance. )
A Post-phenomenological Perspective L
on Technically Assisted World Relations

Bruno Gransche

Abstract Technology is not just a useful tool to achieve certain goals, it is also
a medium to relate to the world. The aim of this article is to examine the specific
transformational power of comprehensive technical assistance systems in terms of our
world relation. It applies Don Ihde’s early concepts of embodiment, hermeneutic, and
background relations to today’s highly automated assistance systems and examines
the interplay of human actors and the technosphere in a post-phenomenological
perspective. In a lifeworld context assistance is automatically seen as a relief. Hence
this article raises the question of what the burden of assistance might be.

Technical support systems are constantly growing in terms of performance and auton-
omy, and so is the number of tasks we can delegate to technology. To put it briefly,
if machines can achieve more, we can in turn use these machines to achieve more,
too. With regard to means-to-an-end relations, the more useful technology becomes
as a realm of means, the more the realm of ends grows. Since useful means and
achievable ends are co-constitutive concepts, this means that an increasing number
of phenomena are subject to a machine-driven modal shift. What was once thought to
be practically impossible now becomes practically possible in the course of techno-
logical progress. What was once expressed as a wish now becomes achievable, i.e.,
a possible purpose of actions. Technically assisted actions have different purposes
than unsupported actions. Support services were developed to expand this dimension
in the first place. Today, when human beings take action, they always interact with
other co-actors and a network of assisting structures. Humans no longer exclusively
cooperate with other human actors, but also with technical agents within a fechno-
sphere. In the case of intelligent highly automated assistance systems, acting in and
with technology has considerably more consequences than simply expanding the
realm of purposes. Technology is not just a useful tool to achieve certain goals, it is
also a medium to relate to the world.
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The aim of this article is to examine the specific transformational power of compre-
hensive technical assistance systems in terms of our world relation. The foundation
for this is Don Ihde’s early approach to philosophy of technology, which considers
human-machine relations to be of hermeneutic nature and looks at amplifying and
reducing effects. First, this article summarizes the difference between embodiment
and hermeneutic relations, as well as background relations according to Ihde. Then,
the focus lies on the special relation between highly automated assistance systems and
the aspect of background relations; thus, technical assistants appear in the modality of
a “deistic god” [Thd79, p. 14] with a presumption toward totality. Machine-mediated
experiences of the world, as well as experiences with machines as a world, feature an
interplay between amplification and reduction. Finally, the objective is to examine
this interplay in a post-phenomenological approach. The hypothesis of this article
is that when it comes to using technology, the focus usually only lies on one type
of effect—either extension or reduction—whereas the other is taken for granted and
therefore disregarded. This natural process of overlooking the other effect is to be
put back into focus here. Assistance literally means the action of helping someone by
sharing work. However, if this action of helping out has complex effects on the world
relation of the assisted, we have to ask the following question while considering its
full complexity: What burdens are actors relieved of and what burdens are imposed
on them? If, in a lifeworld context, assistance is automatically seen as a relief, we
cannot avoid the question of what the burden of assistance is.

1 Embodiment Relations—
Hermeneutic Relations—Background Relations

Phenomenology is a philosophical study in the early 20th century that puts the spot-
light on the phenomenon, i.e., the appearance, the givenness of an object to the active
consciousness. The question was no longer what an item objectively is, but rather how
it is perceived by one individual’s consciousness. In Technics and Praxis [1Thd79],
Don Ihde lays the foundation for a phenomenologically substantiated philosophy of
technology, that has been developed further into post-phenomenology since then and
constitutes a highly dynamic concept in philosophy today. This focus on the given-
ness for someone’s consciousness mainly addresses the relation between humans
and the world. In current times, this relation is mainly machine-mediated, making
it a human-machine-world relation. For example, when a dentist scans the surface
of a tooth using a probe, he mainly perceives the surface area through the use of
technology. This mediation coincides with a type of transformation. Some impres-
sions—e.g., small bumps on the tooth’s surface—are amplified and others—e.g.,
temperature—are reduced. This relation signifies an “experience through machines”
[Ihd79, p. 56]. It can be seen as a type of embodiment relation, since the technical
instrument becomes partially or completely transparent in this kind of perception. In
the given example, the dentist appears to directly feel with the probe and ignores the
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instrument that mediates between the tooth and the hand in the process. Here, we
always face a twofold transformation of perception: a sensory extension and reduction
at the same time. The instrument is used as an extension while the aspect of reduction
can be set aside depending on the respective interest. Focussing on extension, disre-
garding reduction, and integrating an instrument to become part of one’s own body:
all of these are steps towards machines being taken for granted. Husserl, founder
of philosophical phenomenology, refers to the universe of what is taken for granted
without question as Lebenswelt (lifeworld). Phenomenology aims to take apart what
is taken for granted and systematically uncover the full complexity of the givenness.
Ihde refers to this human-machine relation of experience through machines as embod-
iment relation and contrasts naked perception with machine-mediated experience.

Another type of human-machine relation is when humans do not experience the
world by means of technology, but rather see the world as represented by technol-
ogy. For example, this refers to any representation of physical sensory data—such as
temperature, air pressure, traffic density, etc.—on a screen. This is the case in control
centres of large-scale plants or on a computer screen. If we look at a symbolic output
of sensory data on a screen, our primary relation is not with the recorded reality
but with the technical version of that reality. Ihde refers to this type of relation, in
which a person experiences the technical representation of a world, as hermeneutic
relation. This kind of relation is hermeneutic because the individual has to interpret
the system’s output and the visualization of the information. For example, a green
or red control light indicates an underlying condition, such as the temperature being
at the right level or too high. In the case of hermeneutic relations machine-mediated
perception correlates with a type of transformation as well: depending on the system,
the person perceives different details of the world. This means that a control light in a
control center can provide information on the temperature of each individual sensor,
but not on the temperature distribution between the sensors. Machine-mediated expe-
rience is always more and at the same time less than naked experience. To determine
the degree to which technical transparency or opaqueness, as well as amplification
or reduction are artefacts for machine mediation, one has to compare the machine-
mediated experience and the naked perception of the same section of the world. In
the case of an unlikely temperature, the observer could avoid machine mediation
by entering the room containing the sensor in question. Potential for transparency
and transformation can be found in the difference between naked perception and
machine mediation. In most cases, due to an increase in human-machine relations,
avoiding machine mediation by means of naked perception is not possible. For exam-
ple, representations created by scanning electron microscopes or space telescopes
display sections of the world that have never been and are never going to be acces-
sible through naked perception. Here, humans have to compare different machine
mediations to perceive information on transformational artefacts or characteristics
of the world. This process of extrapolating and interpreting the world and machines
leads to humans existing in a hermeneutic relation to both.

A third type of human-machine relation plays a central role here: due to technology
being increasingly autonomous, interconnected, and capable of learning, humans
are moving from an instrumental relation, in which they embody technology, over
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an operational relation, in which their perception is primarily focused on technical
systems and their interfaces, to a type of relation, in which they only momentarily
regulate an otherwise mostly automated technosphere.

1. Embodiment relations (Human-machine) — world
2. Hermeneutic relations Human — (machine-world) [Ihd79 p. 13]
3. Background relations Human — ( mj;f’ﬂlge )

A wide variety of technical systems form a variety of background relations. Human
actors only encounter these background relations when, e.g., setting goals, aborting
a mission, or in case of malfunction. When it comes to transformation and trans-
parency, the technosphere of interconnected and highly automated systems displays
specific tendencies: as the term background relations indicates, relations between
systems do not take place in the foreground. Most of the time, these relations are
transparent, in the sense that they are invisible to humans or normally not perceived
like window glass. Furthermore, apart from a few exceptional cases, transformations
of the technosphere relation can no longer be translated into naked perception. To
human actors, the fechnosphere appears in the modality of a “deistic god”.

In these cases [ have had a momentary relation with a machine, but in the modality of a deistic
god. T have merely adjusted or started in operation the machinery which, once underway, does
its own work. I neither relate through these machines, nor explicitly, except momentarily, to
them. Yet at the same time I live in their midst, often not noticing their surrounding presence.
[Thd79, p. 14]

This means that the fechnosphere is mostly unavailable to humans and does not
have any intentions towards them. Inexplicably defiant printers or elevators, for
example, do not hold any scrutinising or chastising intentions of a personal, the-
istic god—although these traits may be assigned as part of an anthropo- or theomor-
phic projection every day. Instead, these machines could be regarded as an almost
ubiquitous creation that, once it has been launched, operates autonomously.

Rather than making naked experiences in direct human-world or human-nature
relations, we spend the majority of our lives in the three human-machine-world rela-
tions discussed here. Today, we can hardly imagine living in a world or even spending
aday without technology. Since our culture is shaped by technology, machine media-
tion is part of our self-awareness and self-expression. Technical systems have become
our familiar counterparts as quasi-others, and they surround us with their presence
from which we rarely escape. As a technological texture to the world and in the
modality of a deistic god, the technosphere has a tendency towards totality. To live
means to live with technology and being-in-the-world means being in technology
with technology [Thd79, p. 15].
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2 Specific Relations Between the Assisted and Assistance
Systems

If we apply this existential structure of general human-machine-world relations to

the example of advanced assistance systems, we can examine certain dynamics and

consequences that become relevant when people are using assistance systems.
Considering this structure, we can ask the following questions:

What type of relation does each assistance situation primarily belong to?
What are the present aspects of embodiment?

How transparent or opaque is the machine mediation?

What are the present transformation, amplification, and reduction effects?
What are the present background relations?

These questions can help analyze existing assistance systems and can act as a
heuristic approach when making decisions on the design and development of new
systems. For this, we first have to ask to what extent an application should be trans-
parent (in the above-mentioned sense of non-perceivability) to the user and what the
intention behind it is.

Generally speaking, we can assume that, unlike tools or machines that are only
automated to a small extent, assistance systems tend to lean less towards embodiment
relations and more towards hermeneutic relations with strong background relations.
To illustrate this, let us compare two examples of assistance systems: First, exoskele-
tons, that are the focal point of systems in the project smartASSIST' and that provide
physical strength in assembly work. Second, highly automated assistance systems
used in everyday life, such as Google Home or Amazon Alexa.

In the case of exoskeletons used in overhead assembly work, these systems carry
the majority of the weight of the workers” arms or of the workpieces. Unlike the
embodied probe working on a tooth, there is no reference to the world in the sense
that the naked perception of one’s own hands would be transformed by instruments.
Furthermore, the hands of the worker are the ones guiding the tools and the work-
piece. The objects’ temperature, consistency, or structure are not transformed in
this process. However, one characteristic is reduced: the weight of said objects. The
worker’s hands still have to grip with an adequate amount of manual labour, they pro-
vide information on the differences in weight, but the lifting capacity is supported by
the system. This transforms how this characteristic is perceived, weightis reduced and
endurance as well as performance in overhead construction are improved. Depending
on the system’s design, the strength dynamics of the assistance, and the hardware’s
ergonomics, the embodied perception of the exoskeleton can vary. In this case, the
system and the design aim at providing an authentic human-thing or human-world
relation while reducing physical effort at the same time. In doing so, the assistance
system should be as transparent as possible, the transformation of perception should
be limited to selected aspects and the degree of embodiment should be rather high.

Thttp://www.humanhybridrobot.info/smart-assist/, last checked 02.01.2018.
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This also implies that the exoskeleton mostly should not move into the user’s focus
as a technical counterpart. This affects the hermeneutic relation between the user and
the system: Strength assistance is supposed to entirely depend on the user’s control,
meaning that the user does not have to interpret the system’s feedback in terms of
world mediation. This is different with sensitive prosthetics or teleoperated robots,
where the signals of the system have to provide information on an item’s condition.
In terms of the system that is providing individual support with one system each,
background relations are of lesser importance. Even in the case of a system capable
of learning, other users’ movement patterns would only provide little information on
how to offer adequate individual support. A connection to another network would
only make sense when recording and analyzing data. To summarize, in the case of
exoskeletons, human-machine-world relations can be found in the form of embodi-
ment relations, preferably featuring isolated transformation and high transparency.

Examining our second example, everyday assistance systems such as Google
Home, we are presented with a different picture. Both the assistance system and the
interface devices are not in physical contact with the user. The Google Home interface
mainly consists of microphones. The hands-free voice control is the assistant’s main
unique selling point. Due to this physical distance, there is no embodiment relation.
The dialogue-based voice control creates a technical counterpart and therefore leads
to a hermeneutic relation. An interpretation of the world reflected by the system
and the system’s condition is mainly based on spoken interaction, even when visual
aspects such as the screen can sometimes factor in as well. Assistance systems such
as Google Home, Alexa by Amazon, Windows Cortana or Siri by Apple give the
impression that we are interacting with a quasi-human counterpart. However, what
really makes these systems so efficient is a wide variety of background relations that
hide behind a simulated interlocutor. Therefore, the skill set of those systems—e.g.,
Alexa’s Skills—mainly depends on their being interconnected with each other as well
as a large number of sensors and actuators. Thus, different requests heavily depend
on the sensors. A system can only answer the question “Is it cold outside?” if it is
connected to the respective temperature sensors. Similarly, a system can only answer
the question “How long will it take me to get to work today?” if it has access to traffic
information—uvia traffic sensors such as traffic cameras—and to information on the
location of the office and the current location of the user. In the case of assistance
systems, the user has to interpret the system’s voice output and its connection and
relevance to the world. Here, the perception of the world is transformed on many
different levels: from the design, settings, placement, density, precision, and inter-
connectedness of the sensors to the aggregation, selection, and pre-interpretation of
data, all the way to the exact structure of services and business models. On each level,
a large number of technologies and systems, social processes and decisions, as well
as emergence effects of socio-technical complexity are involved in transforming the
perception of the world.

Differentiating between actual information on the world and technological arte-
facts is essential to successful hermeneutic relations as it guides the way in which
output is interpreted. However, this process is rendered impossible by the complex-
ity of mediation. In a few cases, drawing a comparison to naked perception is still
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possible. Here, the transformation quality might be determined using the differ-
ence between naked and machine mediated perception. For example, to monitor the
system’s answer to the question regarding outside temperature, the user could step
outside to feel the temperature or measure it using less complex instruments, that
can be interpreted in the usual way, such as a thermometer. However, in the majority
of cases, avoiding machine mediation correctively is not possible. For instance, if
users are speaking to a single device in their kitchen they are interacting with an
extensive network of the technosphere. The fact that this interaction is presented as a
form of bilateral communication based on a human assistant conceals this network’s
involvement. It also transforms machine perception from an opaque part of the tech-
nosphere and a link to numerous human actors that are also part of that technosphere
to a seemingly pleasant conversation with a personal companion. In this second
example, we can observe hermeneutic human-machine-world relations featuring a
complex network of background relations in the fechnosphere. Here, transforma-
tion extent is extremely large, transparency on the machine side of the relation (in
the sense of background relations being visible and open to human inspection) is
almost nonexistent. Due to this opacity, the user lacks important information to be
able to interpret the section of the technosphere transmitted by the assistance sys-
tem. The system may present itself as a technical quasi-counterpart that somehow
presents some section of the world the user has to interpret in a hermeneutic relation.
However, the technosphere’s underlying complexity is increasingly putting too much
strain on the users’ interpreting capacity.

3 Please Don’t Let Me Be Misunderstood

In the wake of increasingly personalised systems that feature more and more sensors
and that are capable of machine learning using more and more data, also known as big
data, the users’ interpreting capacity is decreasing while the systems’ interpreting
capacity keeps increasing. Personalized systems capable of learning are progres-
sively reading users’ input in relation to their data profile—their data shadows so to
speak—meaning the accumulation of past interactions, preferences, and requests of
the users themselves, of profiles similar to theirs—their data twins so to speak—and
the collective body of all users of a learning system, for example all Google Home
users. That way, Google Home’s multi-user support can differentiate between users
via voice recognition. In a family scenario, when asking the question “What is my
schedule for tomorrow?”, the mother will receive a different output than her son for
example. The system does not only interpret the input relative to the speaker but
also relative to their data shadows. This phenomenon of machines using information
technology to contextualize and relativize humans, inverts IThde’s hermeneutic rela-
tion in a way. As a result, we see the world the way in which second type assistance
systems present it to us. Information, services, and possible decisions, actions, and
interactions are increasingly opaque and can hardly be related back to our naked
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perception. They have become erratic, contingent and yet somehow necessary in the
modality of a deistic god.

The developers and marketing channels of Amazon, Apple, Microsoft, Google
etc. do not cease to praise the fact that different assistance products can relieve us
of all sorts of burdens. However, in science, politics, art and culture, and in our
society, we need to create a dialogue in which we address the possible burdens
imposed on us by a permanently and comprehensively assisted lifestyle. In terms of
advanced assistive systems, the hermeneutic relation is the dominant relation type,
but the vast background relations of the fechnosphere switch the positions of who
understands and who is understood. In this brave assisted life those giving up the
burden of being on the understanding end of the hermeneutic relation between human
and machine-world may find themselves on the opposite end of it. Those giving
up the burden of making sense of complex matters may end up being subject to
technical capture and interpretation themselves. To be fair, in a hermeneutic relation
the position of the interpreted is much more comfortable than the position of the
interpreter. Butto cease at least trying to understand the machine-world relations and
the technosphere background relations personally—even if one might never succeed
in doing so—is not an option. Because, when confronted with machine interpretation
and technical world mediation where naked perception is not available, the machine
mediation has to be compared to something else than naked perception in order
to either accept or reject it. Those unburdened by assistance risk to abandon their
position as understanding beings in hermeneutic relations to such an extent, that they
become assisted as a customer or user, as a data shadow or data source, as someone
who is supported or nudged, lead or mislead, understood or misunderstood, but
definitely not as someone who understands.
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Part 11
Constructing and Construing

“Construction” refers to the conception and concrete assembly of technical devices.
The very process of constructing depends on engineering skill that unfolds via
trial-and-error processes in the first place. Recently, these processes have been
accelerated to a high degree by, e.g., the possibilities of simulation software or
additive manufacturing. However, both beforehand and in the course of the material
construction, many questions emerge that beg for answers in form of written or
verbal explanations, presentations, or justifications. Hence, material construction is
essentially accompanied by a construction of meaning and collaborative relations.
That is, any construction depends on construing permanently what is happening,
how it might be improved, and what its consequences might be.

This subsection assembles articles that reflect the conditions of construction and
present classificatory, philosophical, psychological, and sensorimotor knowledge
that is necessary for constructing and construing technology. In general, con-
struction is not some episode during technology development that is completed
before subsequent research and testing can take over. Like the analysis of demands
and expectations of part I, it is an ongoing process. This iterative and circular
character of construction is an effect of the purpose to develop technology that
supports human beings. Technology is not only developed for people but also with
the relevant people. This results in a necessity to pass through many iterations.

Construing does also concern the construction process itself. Engineers, but also
all other involved developers, interpret the construction process and their role in it
persistently. Becoming aware of one’s own assumptions during material con-
struction is therefore a prerequisite for making a difference and for engaging in a
form of engineering that is intended to develop with people for people. This
includes knowledge about possible instruments that help to integrate the different
disciplinary backgrounds to achieve a common direction.

This section begins with an article of Robert Weidner and Athanasios
Karafillidis who present a generic view on support systems and offer a classification
procedure based on a general theory of support. Classifications work like a back-
bone for both constructing and construing. They enable the developers to assess and
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compare their planned or built technical constructions. The authors expound the
possibilities of proper classifications and then demonstrate how their proposed
classification procedure can be applied to get a classification for exoskeletons.

Janina Loh (née Sombetzki) presents an account of how the construction of
autonomous robots (including self-driving cars) can be guided by the idea of
responsibility from the outset. After dissecting the concept of responsibility to
provide leverage points for deciding whether and when technical systems can be
held responsible, she presents the notion of “responsibility networks” to highlight
the distributed character of responsibility in sociotechnical arrangements. Due to
this, she argues, attempts to attribute responsibility to individual entities are prac-
tically not feasible in support systems.

Psychologically informed construction/design choices are the subject of Rebecca
Wiczorek. She focuses on older people and gives a detailed account of diverse
psychological principles and how they can be considered to be able to construct
suitable products for older people. Smartphone design is used as a demonstration.
Since, according to Wiczorek, the technical implementation of these principles
leads sometimes to contradictory design features, construction has to select the
aspects relevant for the problem at hand to find a trade-off in each case.

Bettina Wollesen, Laura L. Bischoff, Johannes Ronnfeldt, and Klaus Mattes shift
our attention to sensorimotor coordination and its impact on designing human—
machine interfaces. The authors present different models that explain how various
forms of multitasking consume individual cognitive resources in different degrees.
They also introduce the concept of “situation awareness” that can push design/
construction of relevant and intuitive interfaces in a direction to consume less
cognitive resources.

One of the main competences for constructing robots that move around in
everyday worlds is, in the words of Andreas Bischof, self-awareness of the
developers. Robots face “wicked” problems in the wild but developers still ground
their definitions of social problems on everyday knowledge that is taken for granted
and thus ignores its fundamental ambivalence. Unearthing the underlying
assumptions of the very construction of problems that the robots are programmed to
solve can add enormous leverage for building robots that people eventually want.

Since the teams constructing support technologies are heterogeneous and display
diverse scientific disciplines, construction processes profit from a provision of tools
that facilitate diplomacy between them. This is the argument of Peter Miiller and
Jan-Hendrik Passoth. In this last piece of part II, the authors draw on experiences
from an interdisciplinary collaboration of engineers and social scientists and con-
tend that social scientific methods can be used as diplomatic devices. Also, it is
possible to intervene sociologically in a constructive way by selecting a few the-
oretical ideas as a basis for recommendations during the project.

The empirical process of actual material construction is hardly reflected in
engineering. Yet it is incessantly construed due to its equivocality. Knowing more
about the underlying premises that guide construction processes adds further pos-
sibilities for managing issues or finding alternative project trajectories.



Distinguishing Support Technologies. m
A General Scheme and Its Application L
to Exoskeletons

Robert Weidner and Athanasios Karafillidis

Abstract There is a great variety of manual activities in work and everyday life.
The number and forms of various support systems reflect this variety. A classification
could provide a scheme to recognize, compare, and evaluate the heterogeneous prob-
lems, approaches, and technological solutions already existing in the field. Based on
previous work on a theory of support, taxonomic criteria are derived and substanti-
ated. These criteria are used to construct a matrix in analogy to the periodic table in
order to make visible the coherence as well as the differences of technical support
artifacts in general and exoskeletons in particular.

1 Introduction

In recent years many different technical systems have been developed with the pur-
pose to support people in diverse contexts of application. Relevant support technol-
ogy has been built in particular for the fields of industrial production, construction,
elderly care, and also for daily life, e.g., mobility solutions, smart homes, or health
applications. Exemplary support systems range from industrial and service robots
to implants. Located somewhere in between one finds a plethora of various other
technical solutions, for example lifting aids, optical aids, electro bikes, apps for
mobile devices, tools, assistance systems for cars, airplanes, or industrial produc-
tion, and exoskeletons for rehabilitation, agriculture, military, or assembly tasks. All
of these systems are structurally different. They are based on different approaches
and are obviously characterized by different interaction patterns of their heteroge-
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neous components. Yet all of them are developed and seen as supporting people and
their activities.

To develop technology with supportive purposes is not just a trend that will fade
away as trends by definition always do. It is rather a new frame for constructing and
construing the relationship between humans and technology. The intention to build
devices that support people recasts the whole development process of technology.
Thus, new conceptual approaches for comparing and evaluating such technologies
are required.

In what follows, one such basic approach is presented. Based on previous theoret-
ical considerations [Weil5, Karl5, Weil6, Kar16, Karl7] basic taxonomic criteria
for support systems are stipulated and a classification procedure described. In order
to improve the understandability, exemplary systems will be used for explanation and
classification. The resulting taxonomy for support systems in general and exoskele-
tons in particular is going to exploit the idea of the periodic table. Using this form
for classification has several advantages. First of all, it helps to compare existing
systems, which is of great importance for assessing them but also for selecting suit-
able systems and components. Then it is expected to enable developers to devise
and design future support systems efficiently according to defined requirements as
well as social, ethical, and legal contexts and obligations. Finally, such a systematic
will help to identify gaps that indicate possible technical support solutions not yet
invented.

2 Support Systems

A support system is not simply a technical device but rather the result of a succeed-
ing connectivity between humans (i.e., bodies, perceptions, thoughts), a technical
device (i.e., electro-mechanical structures, eventually sensors and actuators), and
activities (i.e., situations, expectations, bio-physical environment). Any technologi-
cal invention has to take this into account to keep its chance of being accepted. Since
these technical artefacts are usually understood to represent the system as a whole,
the following taxonomical considerations will be related to these technical devices
proper—with their names and their presumably clear-cut boundaries.

The term “support” has a particular function in the research networks of relevant
technology. It does not only refer to the intended technical functioning but also frames
the social-cultural understanding and justification of such technologies, for example,
by demonstrating their logical necessity or by giving legitimate reasons for their
deployment. Such demonstrations and reasons for support mostly address benefits
for people but also for organizations or society in general. Prominent among them
are promises of increasing productivity and product quality as well as decreasing
physical and cognitive stress. With regard to the activity, support systems are seen as
providing facilitation. From the perspective of an individual, support technologies
are expected to provide relief . It sounds promising and fascinating to have technical
systems that support people and their activities when bodily movements, complex
situations, procedures, or forms of collaboration become too demanding.
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The technical solutions for individual needs are mainly justified by this search for
relief, which is assumed to be a general human aspiration. Relief can be provided in
different respects. Thus, engineering research for solutions that yield individual relief
evolved in separate, yet overlapping fields, that are concerned with either physical or
psychological, or processual, or “social” relief. A summary is shown in the following
Fig. 1.

The distinction of these fields is a somewhat refined version of the more common
distinction between physical and cognitive support of human capabilities, which
harks back to the age-old Cartesian separation between mind and body. In the wake
of embedded systems [Hen07] and distributed cognition [Hut95] this distinction is
obviously dated and skewed, but it does still lead most attempts to find suitable
technological leverage points and classifications for support technologies.

Viewed in this refined, yet still classical scheme, this paper will focus on technical
support for physical relief: exoskeletons. However, it will not proceed by sticking
to these distinctions. The aim is to introduce a new pattern for getting observations
of support technologies and an ensuing classificatory procedure, that cuts across
these classical fields. For both technology development and research in technology
it is necessary to find out how these various fields depicted in Fig. 1 are connected.
This marks the route that leads from simple technological inventions to their societal
acceptance, that is: to innovation [RamO07].

The subsequent paragraphs will introduce a classification procedure, which is
preoccupied with relations between humans, technology, and situations. The main
determinants that shape such support relations and result in the stability and reliability
of a support system are temporality, coupling, and control. Their deduction has been
described in detail elsewhere [Kar16, Karl7]. Any technological device from an
industrial robot to a body implant displays particular decisions with respect to these
determinants. After setting up the general procedure along the lines of the periodic
table it is applied to existing exoskeletal solutions.

kind of support

physical relief

psychological relief

organizational relief

social relief

- force redirection

- force induction

- force enhancement

- stabilization

- bracing

- ergonomic
improvements

- precision

- work instruction

- activity monitoring

- stress monitoring

- compensation of
feelings

- time management

- distribution of
activities

- job security

- work instructions

- monitoring of process

- monitoring of working
sequences

- monitoring of system
states

- suggestions and
improvements

- facilitating contacts

- flow of
communication

- distribution of
activities

- smoothing
hierarchical
differences

- team work

- encouragement

- knowledge sharing

Fig. 1. Promises/expectations of technical support with examples [Weil6]
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3 C(Classification with a Periodic Table

Classifying is both an everyday practice and a scientific procedure [Lev73]. Scien-
tific classifications mark the distinctions used to classify explicitly. They become
complete when they do not only organize knowledge but also specify ignorance. A
scientifically apt classification should do both, but only few methods have a keen
eye for the gaps of a classification and recognize their importance for research. One
of these methods is the periodic table. When Mendeleev published his ideas in 1871
he arranged the known elements such that their relations became visible (organiz-
ing knowledge) and that he could predict “missing” elements not yet discovered
(specifying ignorance).

There is an issue involved in using the periodic table for classification. It has not
been recognized to be a general classification method but as being confined to the
discipline of chemistry. However, a suitable generalization is not difficult to achieve.
The construction principle of Mendeleev’s original periodic table of the elements is
very straightforward [Bac80]. Following his original lead, two dimensions have to
be found to get a kind of matrix-structure.

Before, two questions have to be answered, like in any other classification pro-
cedure: (a) What is to be classified? and (b) What constitutes an “element”? The
first question addresses the population (e.g., flowers, vertebrates, chemical elements,
technical devices). Technically, the answer to this question already determines the
answer to the second one. But since there is no “natural” baseline of what constitutes
elements it depends on the observing agents whether single entities, or parts of them
or groups of them are considered as elementary for the classification. Therefore, it
makes sense to distinguish these two questions.

3.1 Population: Technical Artefacts for Support

Support is a very far reaching and diverse phenomenon. Instead of classifying sup-
port in general, we confine the classification to technical artefacts that are deployed
to support human activities. All artefacts observed as support and assistance systems
are part of the empirical population. The objective is to make heterogeneous technical
solutions comparable and to render their relations visible. Despite this strong limita-
tion, the variety remains high. Such a generalized approach has not been attempted
so far. Domain-specific classification approaches for software [Dogl2], operator
information systems [Teul6], or exoskeletons [Hoc15] are preferred. The periodic
classification procedure can also be applied to such narrower populations of support
systems. This will be exemplified for the case of exoskeletons.
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3.2 Empirical Elements: Deployed Technical Support
Solutions

The elements to be classified will not be specific, individual technical solutions of
certain manufacturers or research institutes. Their numbers are too high to achieve a
viable classification. This would be a proper task for numerical taxonomies, which
could be used to complement a periodic table [Sne73]. The field of support systems
is very dynamic, so that any classification attempt applied at the level of individual
technical objects would be problematic anyway. The elements of the population are
thus assumed to have a minimal structure, which is already present in this field.
Classified are for example industrial robots, exoskeletons, or autonomous vehicles
and not some specific industrial robot or particular vehicle of manufacturer XYZ. In
the next step it is possible to focus on, e.g., exoskeletons to refine the observations
of these particular systems and their differences and relations.

3.3 Taxonomic Dimensions: Communicative Patterns
and the Perception of Qualities

For developing the periodic table, two dimensions are needed to get its matrix form.
The first short periodic table of Mendeleev constituted the rows with reference to the
periodic “law”, that is, it displayed a sequential ordering of elements by their atomic
number and their repeatedly discernable properties. The columns represented groups
of elements pooled with regard to their similar physical and chemical qualities, e.g.,
their oxidation states [Scell].

The generalized version presented here starts from situations of support. In soci-
ology, situations are something like an always moving, dynamic, and indetermi-
nate experimental set-up in which for example different reactants, connections, sub-
stances, and catalysts (i.e., objects, people, times, and relations) are combined and
recombined to reproduce certain patterns or bring forth new ones. Any situation
performs and accomplishes in some form society, that is, it tests the association of
different and independent entities. Society is not an overarching whole, but rather a
process of looking for viable ways of association by finding an alignment between
communication and perception [Luh12]. Therefore, the rows of the generalized peri-
odic classification show different communication patterns that arise in every support
situation and the columns sum up the perception of the qualities of technical systems
ascribed and inscribed to them with reference to the human body.

3.3.1 Communicative Patterns of Support Situations (Ordinate)

For the classification of support systems, three central determinants have been iden-
tified [Weil5, Karl5, Weil6, Kar16, Kar17] that determine the support situation and
the overall context. Since the focus is on situations neither object-specific properties,
which are related to the material and structural nature of artifacts (e.g., actuators, sen-
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sors, kinematics, material, or structure), nor subject-specific factors, which usually
distinguish cognitive and physical functions are used as starting points for support.
We rather look for situational relations between artifacts and humans.

In situations of support a supported activity is distinguished from a support activ-
ity. Mostly—at least within the realm of technology development, that will guide the
following considerations—a distinction is made between a supported human activity
(this may be an “internal” activity, such as physical functions, or an “external” task,
such as drilling a hole) and the technical artifact that is meant to support this human
activity. Their communicative relationship is determined by three factors: (a) their
temporal relation, (b) the form of their coupling, and (c) the attribution of control,
see the schematic representation in Fig. 2.

Temporal Relation (between Human and Technology)

The relation between human activity and support technology runs either synchro-
nized or desynchronized. Synchronization is possible and observable, when there is
areciprocal interaction between human and technology. This usually implies that the
technical support is performed within the boundary of the situation. If on the other
hand technology and human beings do not sense the respective activity of the other in
either direction (e.g., a software runs in the background, without reacting immediately
to current human activities) the criterion of reciprocity is not met, and synchroniza-
tion does not take place—even if an observer can possibly describe the relation as
synchronized in some form. The necessity of mutual perception for activities to be
synchronized is not limited to visual sensation. If there is no synchronization, the
relation is not co-present, but distributed over time and place.

SYNCHRONIZED DESYNCHRONIZED
—
—
INTEGRATED COMPLEMENTARY

f g
HUMAN CONTROLLED ARTEFACT CONTROLLED

N

Fig. 2. Schematic representation of the three relational determinants
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Relation of Coupling (between Human and Technology)

Human and technological activities can be integrated or complementary. Integration
is the case, when the technical support partakes in the execution of the activity oper-
ationally and materially. The degrees of freedom of the technology are then bound
and constrained by the degrees of freedom of the human activity. The integration of
activities in most cases targets the support of human functions and their compensa-
tion, recovery, replacement, or reinforcement. In contrast, a complementary coupling
exists when the relation between human and technology is collaborative. Such a divi-
sion of labor becomes possible when the activities necessary for task accomplishment
can be subdivided into different steps or components. This includes the contexts of
the activity, too. In the exact sense, the term “assistance” that is commonly used to
indicate technical support systems refers only to this complementary form of cou-
pling. Hence, assistance indicates a special form of support that is characterized by
a division of labor between human and technology.

Perceived Control Relation (between Human and Technology)

Observers involved in support situations ascribe control either to human beings or
to technology. In general, control is not a one-sided affair but circular, distributed,
and depending on communication [Gla87, Ash58, Vic67, Whi0S8]: to exert con-
trol requires to allow one’s own activities to be controlled by the controlled entity.
Human beings control the technology and, for example, allow technology to control
their movements or their field of vision, which triggers further control attempts in
return—and so forth. However, this circularity always becomes punctuated [Wat00],
that is, an origin of control is ascertained during the process. Control is attributed
to one of the participating entities. This perception of control might differ from the
control intentions of the developers, it can frame the control relation as permanent
or temporary, and it might also be seen to change in time or to oscillate within the
current support situation.

For simplicity, these determinants are understood dichotomously. This results in
23 possible communication patterns of support. Their deduction is shown in the
following Table 1.

A “1” indicates that the respective structural expression is present. A “0” indi-
cates that it is absent. There may be situations/artefacts that realize both sides of a
determinant simultaneously or oscillate between two determinants, but these cases
are not considered here.

The three-letter codes on the left of the table serve as abbreviations for the eight
different relational patterns in support situations (e.g. DCA denotes Desynchronized,
Complementary, and Artefact-controlled relational pattern). They are clustered into
two groups, the desynchronous group (D-group, i.e. all codes beginning with D; first
four rows in the table) and the synchronous group (S-group, i.e. all codes beginning
with S; last four rows in the table). Such clustering and possible regroupings are of
great help for a comparison of the technical solutions in the resulting classification.
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Table 1 Basic communication patterns of support situations

Temporal relation Coupling Control attribution
Desynchronized | Synchronized | Complementary | Integrated | Artefact- Human
controlled | controlled

DCA |1 0 1 0 1 0

DCH |1 0 1 0 0 1

DIH 1 0 0 1 0 1

DIA 1 0 0 1 1 0

SCH |0 1 1 0 0 1

SCA |0 1 1 0 1 0

SIA 0 1 0 1 1 0

SIH 0 1 0 1 0 1

3.3.2 Perception of Artefacts in Relation to the Human Body (Abscissa)

The eight mentioned patterns of communicative relations, define one axis of a two-
dimensional matrix constructed in analogy to the periodic system. These are recurring
patterns of support situations. The other axis of the matrix groups the technical
systems according to their perceived similarity with respect to size and distance to
the human body.

Five ratios of bodies and technical artefacts are distinguishable though not clearly
distinct in all respects. Some technical systems cannot be assigned to one ratio unam-
biguously. Like all the ideas and distinctions presented here this is contingent on the
observers’ interests and the context of application. However, artefacts that share a
particular ratio are considered similar.

Separated

Artefacts with a body of their own (not with simple housings). They operate either
autonomously or are operated by remote. Therefore, they can vary with respect to
spatial proximity and distance to the human body. Examples are robots of all kinds,
drones, and systems for telemanipulation.

Ambient

Artefacts whose embodiment is distributed and whose unit is therefore not directly
perceptible. The identity is sometimes condensed in (often mobile) interface devices,
which make their technological context visible and understandable. Examples are
Ambient Assisted Living and smart homes. Autonomous vehicles are somewhere in
between separate and ambient support technology.
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Close to the Body

Small up to medium-sized devices/objects with which humans relate either by rudi-
mentary interaction or by operating them. Included are mobile phones, but also classic
tools, or lifting aids. Close to the body refers to the grasping radius or to the variable
territory of self [Gof71]. The combination “both ambient and close to the body” can
be found in many technologies, e.g., driver assistance systems.

Wearable

Artefacts that are wearable or fixed directly on the body (this does not include for
example objects somebody transports inside a pocket or in the hand). They have
the maximum size of human bodies. The minimum size has in principle no limits.
Examples are fitness bracelets, hearing aids, simple glasses, and exoskeletons.

Implanted

Artefacts that are implanted into the body via various pathways (mostly oper-
ative, but also by swallowing). They are correspondingly connected to internal
organic structures (often strands of nerves) or do temporarily observe physical pro-
cesses/parameters. Examples are pacemakers, electrodes for neurostimulation, and
data pills. A limiting case are portable and implanted neuromuscularly controlled
arm prostheses.

3.4 Periodic Classification Table

Putting together the two dimensions of the generalized periodic table, a qualitative,
empirical classification of technical support systems can be carried out. We chose this
two-dimensional representation, because it allows to visualize elementary relations
between different technical systems. The general approach will be complemented by
an approach for exoskeletons—with a different level of detail.

Elementary and recurring relational patterns of support situations are entered on
the vertical axis—and perceived body-artefact-relations in the horizontal axis. A
“periodic law” is missing but even in the case of the chemical periodic table, the
periodic law was not decisive for the arrangement of the elements. At first, purely
qualitative criteria obtained—the qualitatively perceived similarity of the chemical
properties of individual substances [Scel2].

Similar to the first version of Mendeleev—a 12 x 8 table [Scell]—we getan 8 x 5
table in which certain solutions are grouped (see Fig. 3). The horizontal axis consists
of five columns: separated, ambient, close to the body, wearable, and implanted. The
“width” of the five columns has no particular meaning in this version. The chosen
sequence within the rows follows simply the size of the artefact relative to the body.
In future, this differentiation can be used to distinguish further between technical
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Fig. 3. “Periodic system” for a classification of technical support systems

systems. Likewise, basic values could be entered into the respective boxes to further
refine the differentiation.

The process of identifying elements for certain classes will not be described
in detail, albeit this could probably be the cause for some fundamental questions
(Why is the technology X in cell Y?). At this point, it is sufficient to accept that
the identification has been conducted based on the previously introduced criteria.
Allocation disputes will thus be spared—there is no unique position for each item.
This classification cannot hide its observer dependence anyway.

A first inspection of the table reveals three distinctive features:

(1) Some similarities were to be expected, others are surprising. The fact, that an
industrial robot and a service robot are closer to each other than a smart home and
a hearing aid is not surprising. The fact, that heart pacemakers and navigation
systems or e-bikes and hearing aids have similar relation patterns (they can be
found in one row, namely the SIA or DIA pattern), is astonishing though. It
is also interesting to note that technology might switch to other patterns (as
is illustrated in the table with drones, data glasses, and exoskeletons) when
further developments or different types of usage are added—for example, the
integration of sensors or the use of data glasses only for taking photos.

(2) The body-centered and wearable artefacts show the greatest variance with
respect to the relational pattern of support—most of the cells in these two
columns, six of eight, are occupied. The lowest variance in this respect is cur-
rently found with ambient technologies. Furthermore, the largest variation in
technical support forms is found in the relational pattern DKA (Desynchro-
nized, Complementary, Artefact-controlled). This is historically important. We
can see a shift from the D-group (the first four lines) to the S-group (the lower
four lines) when moving from left to right in the table, that is, from bigger to
smaller artefacts and closer to the body.
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(3) The entire matrix is slightly more than half filled (24 of 40 cells). Almost half of
it shows vacancies (shaded in the matrix). These vacancies are not a problem of
this classification, but rather one of its most important functions, because they
indicate potential future support technologies.

4 A Periodic Classification of Exoskeletons

This periodic classification for technical support systems can be used to dig deeper
into the diversity of technical solutions in particular fields. Any of the cells can be
cracked open to discover the variety of the technological category classified within
the general scheme. In a first approximation, exoskeletal systems will serve here as
a trial.

A direct comparison of system solutions, e.g., two different exoskeletons, requires
a further refinement of the proposed classification procedure. Criteria like weight,
materials used, costs, or flexibility with respect to human anthropometry are not of
interest for the classification. The criteria should rather be refined to address the
technical characteristics.

A subdivision that is widespread in the literature concerns the power. Here, a
distinction is made between active (external sources like motor or battery), passive
(not powered by external sources; e.g., work on mechanical linkages, pneumatic
and hydraulic mechanisms, or springs), and hybrid systems. Moreover, exoskeletons
are often classified in respect to the supported body area (e.g., lower extremities,
upper extremities, hand and back) and domain of application (e.g., rehabilitation,
agriculture, military, and industrial production). In what follows, we stick to the
above discovered relational communication patterns between human and exoskeleton
as one axis and adapt it accordingly. The second axis displays the perception of the
supported area of the body. This perception does mainly refer to the perceptions
and beliefs of the developers and stakeholders about which body parts should be
supported—simply because this technology is only just beginning to leave the labs.

4.1 Relational Patterns of Human and Exoskeleton

Our first examination with the usual categories of exoskeletons and the above devel-
oped patterns has identified five central patterns between human and exoskeleton. At
this stage of research, we did not look for a perfect match between them. However,
this step is mandatory if the aim is to achieve a more robust classification that exploits
all the possibilities of the periodic classification.

In the context of wearable robotics, the identified relational patterns refer to the
form of interaction between human body movements and the exoskeletal solution
realized during support situations. Support may refer to, for example, the amplifi-
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cation of movements, the following of movements, or the stabilization of postures.
The following patterns are used for the classification.

Enabling Movements

Exoskeletal systems which enable a certain movement that cannot be performed
(anymore). The relevant relational pattern is mostly integrated, that is, the exoskeleton
is constitutive of the movement in a very radical way. The control is in most cases
effected by another person, e.g., a therapist, or by measuring cerebral activity or
nerves of other body parts. Examples are exoskeletons for cross-section paralysis.

Empowering Movements

Exoskeletal systems that support human movements that are still within the reach of
the human performer. This implies that natural functionality is available and the sys-
tem, for example, increases force. The support must be felt significantly. It empowers
users to perform tasks which they cannot perform without support. Therefore, such
systems are seen to control the support situation. Examples are tasks which need
more maximum force than the user can apply.

Facilitating Movements

Exoskeletal systems that do not obstruct natural human movements but support in
defined situations in such a way, that, for example, the risk of overload is minimized.
Compared to the empowering of movements these systems do not allow the execu-
tion of tasks beyond human capabilities. They rather improve ergonomic conditions
and thus facilitate movements. An example here is the absorption of overload during
specific subtasks. Relevant systems enforce the deployment of human functionality.
Human body movements are neither substituted nor complemented but rather inte-
grated and strengthened. Muscles are activated within a range considered as healthy
and the exoskeleton reduces musculoskeletal stress that exceeds some (individually
adjustable) limit.

Stabilizing Movements

The fourth pattern can be observed when systems are used to stabilize one or more
body parts or human joints during tasks. The support relation is more static in nature
than in the other patterns described this far. Thus, such systems do not support
dynamic but static movements. Holding a posture is still a movement. First, it requires
micro-movements (postural control) to stand still and second, the stabilization of a
posture is also only part of a more comprehensive movement process. External loads
can be partially or completely removed with this kind of exoskeletons. Examples
are back support during tasks like the handling of heavy objects or a support of the
shoulder and upper extremities during tasks at and above head level.
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Table 2 Relation between interaction patterns and basic patterns of support situations

Temporal relation Coupling Control attribution
Desyn- Synchron- | Comple- Integrated Artefact- Human
chronized ized mentary controlled controlled
Enabling 1 0 0 1 0 1
Movements
Empowering | 0 1 0 1 1 1
Movements
Facilitating | 1 1 0 1 0 1
Movements
Stabilizing 1 1 1 1 1 0
Movements
Adding 1 1 1 0 0 1
Movements
Adding Movements

The fifth pattern of relations between exoskeleton and human body movement refers
to systems for explicit tool support, for example during handling tasks by third arm
solutions. This adds movement possibilities to the human body. Relevant systems are
characterized by the fact that they have a direct connection (possibly also detachable)
to the tool and are arranged parallel to at least one body part, but desynchronized and
without direct coupling. These could be the only exoskeletal solutions available right
now that are designed in a complementary fashion, that is, in which the task is divided
into subtasks that are handled based on a division of labor between exoskeleton and
human being.

Assigning the described relational patterns to the basic patterns of support situa-
tions described above results in the following table (Table 2).

It is clearly visible, that not all of the eight possible patterns developed in Table 1
are realized. Additionally, it is conspicuous that in some patterns two opposing fea-
tures are both present, for example they are synchronized and desynchronized at
the same time. That is because different solutions exist for the one and the other
feature and both are crammed into one pattern (row). At this juncture of the peri-
odic classification for exoskeletons, further differentiation of the described patterns
is unquestionably possible and necessary.

4.2 Supported Movements of Body Parts

The support provided by exoskeletons addresses different body parts, for example,
ankle, knee, hip, lower back, upper back, shoulder, elbow, wrist, finger, or neck. Full
body exoskeletons are not viable at the moment but are also considered for reasons
of completeness and also because this could change in future.
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The technical solutions can be focused solely on one specific part of the body or
may involve a combination of several parts. As a rule, the signals (insofar sensors
are used) or the movement or poses are detected directly at the body part that is
to be supported. However, it is also possible that the set point/target is picked up
elsewhere, for example, by measurement of brain currents. But these cases are not
considered here in detail.

4.3 A Tentative Periodic Table for Exoskeletons

The following periodic table is a result of the previous considerations. It displays
exemplary, but still in most cases generic solutions (Fig. 4).

This form of classification is not valid once-and-for-all. On the one hand it is
tentative with respect to its inherent possibilities that have not been exploited yet. On
the other hand, it is of utmost importance to comprehend that the periodic classifi-
cation is a procedure in the first place. It has to be implemented and reimplemented
depending on the systems of interest, the domain of application, and the continuing
progress in the field of exoskeletal solutions.

At first glance the periodic table of exoskeletons shows some interesting points.
The vacancies are of major importance because they indicate that either with regard
to particular body parts or to relational patterns of interaction some solutions are
missing. This is not to say, that any vacancy hast to be filled. But it might give
hints for future demands and technical possibilities. Additionally, heterogenous and
diverse systems might now be compared (e.g., muscle gloves and lower extremi-
ties exoskeletons) because they realize the same pattern. Finally, such comparison
may be used to discover technical solutions that have already been found for other
exoskeletons that have not yet been considered as similar at all.

supportarea
lower extremities upper body upper extrimities other
\full body . lower | upper .

ankle knee hip back back shoulder| elbow wrist | finger neck
enabling !'lower extremities | ! ! ! !
movements | | ____j exoskeletonfor ; | | ___ | g -
empowering |\ rehabilitation | : aac’t_nl\e ] ! !
RELCHERON | _i_ 7. _(fc_t"_vf)_ . __‘: ______ i__ ___ support L _E muscle glove 1~ ‘1
facilitating ! passive back | b ! I !
movements ankle || support L. support | A | head- |
stabilizing othesis | || passive vacuum || | 1 rest 1
movements | || chamber system || i | i |
——————————— B e e e EaaaerT]
adding : . . third arm solutions }
e passive full body third arm solutions (passive and active variants) !
S |2 e e ettt s et | N |

Fig. 4. Classification of some exemplary solutions from state of the art
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5 Conclusion

Numerous systems to support people in different contexts do already exist. Further
solutions are emerging. The presented periodic classification procedure leaves inap-
propriate and gridlocked classical distinctions like physical/cognitive support behind
and provides a fresh perspective and some orientation. Besides, we demonstrated its
flexible applicability by shifting the degree of detail: From a general periodic table
for technical support systems to one for exoskeletons.

The introduced procedure can be used for any systematic classification in the
heterogeneous field of technical support systems. At its core are the determinants
and criteria that have been developed with a focus on interactional patterns in sup-
port situations. Starting from there, both surprising and obvious relationships and
differences between technical objects can be identified.

The resulting periodic tables allow to identify gaps in research and development,
to indicate problems more precisely, and to specify our ignorance in this field of
technical support systems. Such a form of classification defies the many unsystematic
and never really explicable classifications that are mostly based on nothing more
than everyday experience of developers and stakeholders. It has a theoretical basis
in sociological theory and is a mixture of empirical and conceptual approaches. It is
neither simply an (empirical) taxonomy of existing systems nor simply a (conceptual)
typology, but a kind of “taxology”, or even better: a periodic classification.
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Abstract Rapid progress in robotics and Al potentially pose huge challenges regard-
ing several roles that used to be traditionally reserved for human agents: Human core
competences such as autonomy, agency, and responsibility might one day apply to
artificial systems as well. I will give an overview on the philosophical discipline of
robot ethics via the phenomenon of responsibility as a crucial human competence.
In a first step I will ask for the traditional understanding of the term “responsi-
bility and formulate a minimal definition that exclusively includes the necessary
etymological elements as the ‘lowest common denominator’ of the responsibility
concept: Responsibility as the ability to answer is a normative concept that rests on
the assumption that the responsible subject in question is equipped with a specific
psycho-motivational constitution. In a second step I will outline my understanding of
the discipline of robot ethics, in order to ask in a third step how to ascribe responsi-
bility in man-machine-interaction. For these purposes I will elaborate on my concept
of responsibility networks.

1 What Is Responsibility?

A detailed etymological study would show that our understanding of “responsibil-
ity” rests on three crucial premises [Som14, pp. 33—41]: It means—firstly—"“to be
answerable for something”. It is the ability to answer when someone needs to explain
her- or himself. Secondly, responsibility is a normative concept, i.e., it is not only
descriptive and causal. In calling the rain responsible for wetting the street we use
the term “responsible” in a metaphorical sense because the rain is not able to explain
itself. In—on the other hand—calling someone responsible for killing another person
we usually do not want to state a simple fact or see the person in question as a cause
in a purely descriptive way. We want the claimed murderer to explain her- or him-

J. Loh (née Sombetzki) (<)

Department of Philosophy, Philosophy of Technology and Media, University of Vienna,
Universitétsstrae 7 (NIG), A-1010 Vienna, Austria

e-mail: janina.loh@univie.ac.at

© Springer Nature Switzerland AG 2018 101
A. Karafillidis and R. Weidner (eds.), Developing Support Technologies, Biosystems &
Biorobotics 23, https://doi.org/10.1007/978-3-030-01836-8_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-01836-8_9&domain=pdf
mailto:janina.loh@univie.ac.at
https://doi.org/10.1007/978-3-030-01836-8_9

102 J. Loh (née Sombetzki)

self and to accept her or his being guilty. Finally, responsibility includes a specific
psycho-motivational constitution of the responsible subject in question: We think
her to be answerable in the sense of being an autonomous person, to feel addressed
to take up her responsibility and to be equipped with several capabilities such as
judgment and reflective faculty [Loh17a, Som14, pp. 39—-41].

This etymological minimal definition of responsibility leads to five relational ele-
ments: An individual or collective subject or bearer of responsibility as the respon-
sible agent or person (the who is responsible?). The subject is prospectively or ret-
rospectively responsible for an object or matter (the what is x responsible for?). The
subject is responsible to a private or official authority (the fo whom is x responsible?)
and towards a private or official addressee or receiver. The addressee is the reason for
speaking of responsibility in the context in question. Finally, the (private or official)
normative criteria define the conditions under which x is responsible. They restrict the
area of responsible acting and by this differentiate moral, political, legal, economic
and other responsibilities, or better: domains of responsibility. A thief (= individual
subject), is for instance responsible for a stolen book (= retrospective object; better:
the theft, a collection of actions that already happened) to the judge (= official author-
ity) towards the owner of the book (= official addressee) under the conditions of the
criminal code (= normative criteria that define a legal or criminal responsibility).

In the light of this minimal definition of responsibility it becomes clear that a
complex cluster of capacities is needed to call someone responsible: The ability
to communicate, autonomy (that includes being aware of the consequences, i.e.,
knowledge, being aware of the context, i.e., historicity, personhood, and a scope of
influence), and judgment (that includes several cognitive capacities such as reflection
and rationality as well as interpersonal institutions such as promise, trust, and relia-
bility). It is important to take into consideration that these three sets of capacities can
be ascribed in a gradual manner. As it is possible to speak of more or less commu-
nication skills, to say that someone is more or less able to act in a specific situation,
she is more or less autonomous, reasonable, and so on, it follows that responsibility
itself must be attributed gradually according to the present prerequisites. Assigning
responsibility is not a question of “all or nothing” but one of degrees.

2 What Is Robot Ethics?

The discipline of robot ethics includes two complementary fields of research: Some
thinkers ask whether robots are to be understood as “moral patients (as entities that
can be acted upon for good or evil)” [Flo0O4, p. 349], others concentrate on the
question whether robots are themselves “moral agents ([...] entities that can perform
actions [...])” (ibid.). The group of moral agents is more exclusive compared to the
group of moral patients; commonly only humans—and by no means every human
being, since, e.g., children and people with disabilities, handicaps, or due to accidents
can temporarily as well as generally be excluded from moral agency—are seen as
equipped with the necessary capacities for moral agency. Numerous beings and



On Building Responsible Robots 103

entities such as animals, plants, but things as well (e.g., a car, smartphone, house)
have a (instrumental) value and are morally worth considering. A moral agent is
likewise a moral patient—but not vice versa. Living creatures and things have a moral
value dependent on the underlying ethical approach; for instance, an anthropocentric,
pathocentric, biocentric, or physiocentric view.

Within the research field of robots as moral patients the core interest lies in human
behavior towards artificial systems. Here, thinkers ask how one should ‘treat’ robots
(as compared to animals and children) and whether they have a moral value even
though they might themselves not be able to morally act. As moral patients, artifi-
cial systems are without exception understood as tools and supplements to humans.
One might for example consider ethical codes for companies and firms, others might
concentrate on the question whether relations to and with robots are possible and
desirable, whether one could ‘enslave’ robots, and how to evaluate therapeutic arti-
ficial support systems and robots. Within this research area exclusively the human
designers and users have the moral competence and competence-competence. The
human ‘parents’ decide on the morals of their artificial creatures and who is respon-
sible in the case of an accident. Due to their lack of the prerequisites for being held
responsible it remains unquestioned that robots are not able to bear responsibility for
anything. In paragraph 3.2 I will outline an approach for such contexts of reduced or
lack of responsibility competences (ability to communicate, autonomy, judgement;
cf. paragraph 1).

Within the research field of robots as moral agents, philosophers are interested in
the question whether robots are themselves able to morally act and with which com-
petences they hence have to be equipped with. Some thinkers concentrate on freedom
and autonomy as prerequisite for moral agency, others on cognitive capacities, and
again others on empathy and emotions.

Both fields of research within robot ethics rest on the question what morality is.
Wendell Wallach and Colin Allen claim in their book Moral Machines. Teaching
Robots Right from Wrong (2009) those beings capable of moral acting that de facto
are in situations that require moral judgment. They refer to Philippa Foots famous
thought experiment of the so called trolley cases [Foo67] in order to show that
since the 1960s “‘driverless’ train systems” [Wal09, p. 14] in London, Paris, and
Copenhagen morally ‘judge’ when they are programmed to stop whenever there are
people on the tracks, even though passengers might get injured due to the abrupt halt.
Of course the autonomous train, programmed with a specific algorithmic structure,
is not genuinely able to act morally. However, this situation phenomenologically
is comparable to those that humans might experience. That—according to Wallach
and Allen—might be enough to interpret artificial systems as quasi-agents without
claiming them to genuinely be moral agents in the same way than humans. I will
elaborate on their approach as a version of the weak Al thesis in paragraph 3.1.
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3 Ascribing Responsibility in Man-Machine-Interaction

Often people deny the possibility to ascribe responsibility to artificial systems due to
their supposed lack of the necessary competences that they claim only human beings
to be equipped with: Robots, following their argument, don’t have the ability to
communicate, autonomy, judgement, or any other morally relevant capacity. Wallach
and Allen outline in Moral Machines (2009) an approach of functional equivalence
to bypass this problem of lacking competences in artificial systems. The following
two paragraphs elaborate on the role and function of responsibility within the two
fields of research in robot ethics, robots as moral agents (3.1) and robots as moral
patients (3.2).

3.1 Robots as Moral Agents—Wallach’s and Allen’s
Approach of Functional Equivalence

In asking whether robots are to be interpreted as “artificial moral agents (AMASs)”
[Wal09, p. 4], Wallach and Allen define moral agency as a gradual concept with two
conditions: “autonomy and sensitivity to values” (ibid.: 25). Human beings are the
genuine moral agents, but some artificial systems—e.g., an autopilot, or the artifi-
cial system Kismet—might be considered as “operational” moral agents. They are
more autonomous and sensitive to morally relevant facts than non-mechanical tools,
such as a hammer. However, they are still “totally within the control of [the] tool’s
designers and users” (ibid.: 26) and in this sense “direct extensions of their design-
ers’ values” (ibid.: 30). Only very few robots already have the status of “functional”
moral agency, such as the medical ethics expert system MedEthEx. Wallach and Allen
define functional morality in the sense that functional moral machines “themselves
have the capacity for assessing and responding to moral challenges” [Wal09, p. 9].
They claim that “[jlust as a computer system can represent emotions without having
emotions, computer systems may be capable of functioning as if they understand the
meaning of symbols without actually having what one would consider to be human
understanding” (ibid.: 69).

With this notion of functional equivalence, Wallach and Allen subscribe to a ver-
sion of the weak Al thesis [Sea80] that seeks to simulate certain competences and
abilities in artificial systems rather than to construct robots that genuinely are intel-
ligent, conscious, and autonomous equal to humans (that is the strong Al thesis,
mistakenly ascribed to Turing 1950). According to Wallach and Allen, a strong Al
understanding of autonomy is not a necessary condition for constructing AMAs.
Instead they focus on the attribution of functional equivalent conditions and behav-
ior. Functional equivalence means that specific phenomena are treated “as if” they
correspond to cognitive, emotional, or other attributed competences and abilities.
The question of whether artificial systems can become intelligent, conscious, or
autonomous in the strong Al sense is replaced by the question to what extent the



On Building Responsible Robots 105

displayed competences correspond to the function they play within the moral eval-
uation, in this case the concept of responsibility. However, although Wallach and
Allen claim the boundary between functional morality and full moral agency to be
gradual with respect to certain types of autonomy, for the foreseeable future it is
hard to fathom how an artificial system might achieve a functional equivalent to the
genuinely human ability to set “second-order volitions” [Fra71, p. 10] for oneself
and to act as “self-authenticating sources of valid claims” [RawO01, p. 23], or to be
able to reflect on its own moral premises.

On a computational level these forms of autonomy and the ability to autonomously
change internal states might be described by distinguishing three different types of
algorithmic schemes [Loh17b]. While determined algorithms simply give the same
output, given a particular input (independent from the sequence of states that they
pass through), deterministic algorithms give the same output, given a particular input,
in passing through the same sequences of states, while non-determined algorithms
even have a limited variety of outputs, given a particular input, by being able to
pass through different sequences of states. Potentially, machines that predominantly
function based on deterministic algorithms might be located in the not-functional
and not-operational sphere. They are almost closer to the non-mechanical tools such
as a hammer than to the operational realm. The operational sphere might then be
reached with artificial systems that predominantly function on the basis of determined
(but non-deterministic) algorithms. Finally, those few robots that are predominantly
structured by non-determined (and thereby non-deterministic) algorithms are to be
located in the functional realm.

Let us consider three examples: Wallach and Allen define the artificial system
Kismet as an operational AMA (see above). Supplementing their approach with
my understanding of responsibility and the necessary prerequisites to ascribe the
ability to act responsibly (cf. paragraph 1; the ability to communicate, autonomy,
and judgment), Kismet possesses a rudimentary ability to communicate since it
can babble in simple noises. Judgment (if one is willing to call Kismet’s behavior
reasonable at all) is barely recognizable in its reaction to very simple questions. The
biggest challenge in regarding Kismet as an operational responsible robot is clearly
its autonomy, since the relevant sub-capacities (knowledge, historicity, personhood,
and scope of influence) are very limited. In its rudimentary mobility, Kismet can
autonomously move its ears, eyes, lips, and head and responds to external stimuli such
as voice. To conclude, Kismet is, as Wallach and Allen suggest, still completely in the
operators and users control; it does not artificially learn. To call Kismet responsible
might appear comparable to calling an infant or some animals responsible. However,
in contrast to the rain wetting the street, Kismet might (similar to infants and animals)
open aroom for debate on ascribing responsibility to robots like it, although this room
for debate appears to be understandably small.

Cog is a robot that can interact with its surroundings due to its embodiment. It
might pass as an example for a weak functional responsible agent, since its ability to
communicate as well as judgment has been greatly improved compared to Kismet
and Cog’s overall autonomy has evolved, since it includes an “unsupervised learning
algorithm” [Bro99, p. 70]. For instance, after running through numerous trial-and-
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error-attempts to propel a toy car forward by gently pushing it, Cog eventually will
push the car only from the front or from behind, not from the side, since it will only
move then. Cog has not been programmed to solve the task in this manner but learns
from experience. Due to its limited capacity to learn, one might understand it as a
weak functional agent. Calling Cog responsible might be comparable to ascribing
responsibility to a very young child.

Autonomous driving systems might be identified as operational rather than func-
tional artificial agents. Whereas their communicative and judgment skills are as devel-
oped as Cog’s capabilities or even further, their overall autonomy is still kept within
tight limits due to their lack of learning and non-determined (non-deterministic)
algorithms. Reaching this first conclusion, responsibility regarding to autonomous
driving systems then has to be distributed through a responsibility network and can-
not primarily be ascribed to the artificial systems themselves as I will explain in the
next paragraph.

To sum up, ascribing responsibility to artificial systems is possible so far only in
very restricted terms. Evolutionary learning systems are most promising; machine
learning is being studied here equivalently to children learning. So, far machine
learning is not possible in moral contexts (or only in weak moral contexts). Until
today one cannot ascribe responsibility to artificial systems.

3.2 Robots as Moral Patients—Responsibility Networks

My conclusion of the reflections in paragraph 3.1 is that—against the backdrop of
Wallach’s and Allen’s approach of functional equivalence—so far artificial systems
are not to be seen as responsible agents since they lack the necessary competences
for ascribing responsibility (the ability to communicate, autonomy, judgment), pos-
sess them only weakly in a functional sense, or even only in an operational way.
To remind the reader of the etymological minimal definition of responsibility (as
the normative ability to answer, based on a psycho-motivational constitution of the
responsible subject in question), our traditional understanding of responsibility is
clearly individualistic insofar as we always need to define a subject or bearer of
responsibility (cf. paragraph 1), whether this subject is an individual or a collective.
If the prerequisites are not given it is not (or only metaphorically) possible to ascribe
responsibility—as to plants, children, humans with specific disabilities, or machines.

We recently find ourselves in situations in which the involved parties are not
(fully) equipped with the necessary competences for bearing responsibility while we
are still certain that we need to ascribe responsibility to someone. Consider again, for
instance, the case of autonomous driving systems (cf. paragraph 3.1) as operational
responsible agents (equivalently to the responsibility of an infant, animal, or very
young child). The autonomous car might be a moral patient insofar as it is part of our
moral universe and (instrumentally) morally worth considering. However, it is not a
moral agent in a significant (i.e., at least functional) way. For contexts such as these
I’d like to adopt Christian Neuhiuser’s concept of responsibility networks [Neul4]
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and elaborate on it [Loh17c]. The first premise of this approach claims that every
party involved in the situation is to be held responsible to the extent that it possesses
the necessary prerequisites for responsibility.

Responsibility networks have the following characteristics: (a) They commonly
take on an unusual scale. Due to their enormous scale it is very hard (b) to define one
or more responsible subjects and other relative elements such as the normative crite-
ria or the authority. Therefore, responsibility networks are to be found in contexts in
which (c) it is unclear whether we might be able to define concrete responsibilities at
all. A responsibility network (d) combines several different responsibilities and takes
into account as well that (e) relational elements often overlap; consider for instance
the parents’ responsibility for their children (although this is not an example for a
responsibility network but rather shows how relata in some cases overlap): Here, the
children and their well-being are object and addressee of this responsibility [Som14,
pp- 117-118]. Conclusively, the involved parties in a responsibility network usually
(f) serve different positions within several responsibilities. Examples for responsi-
bility networks are “climate responsibility” [Som14, Chap. 13], “responsibility in
the global financial market system”, and “responsibility in road traffic”.

Within the responsibility network “responsibility in road traffic”’ numerous poten-
tially responsible parties are involved dependent on the extent of the necessary com-
petences for ascribing responsibility, such as the human drivers, the owners of the
(autonomous) cars, the companies that sell (autonomous) cars, the programmers, the
designers, but also the public of a society that ‘decides’ over a common sense of
moral norms, lawyers, driving instructors, pedestrians, and eventually every in the
traffic involved party. Regarding the object of the responsibility in road traffic, it is
not possible to ascribe responsibility to one or a small number of subjects for “the”
road traffic as a whole, since this object is too “huge” and complex for one or few
persons to be fully responsible for it alone. However, we can divide several spheres
of responsible acting within the responsibility network “responsibility in road traf-
fic”—structured by different sets of norms, such as moral, legal, and political norms
that define equivalent responsibility types. For all of these responsibility areas “the”
road traffic serves as the overall object of responsibility but is necessarily differen-
tiated in “smaller” and less complex objects of responsibility that different parties
are answerable for in different ways. Responsibility for “the” road traffic might for
instance refer to the economic and moral responsibility for getting safe, efficient, and
as quick as possible from A to B, to the aesthetic responsibility for an aesthetically
pleasing design of roads and sidewalks, or to the moral responsibility for prepar-
ing the children and young drivers for the moral challenges that are to be met in
participating in road traffic. Within these and further responsibility constellations as
part of the overall responsibility network “responsibility for road traffic” numerous
authorities, addressees, and normative criteria are to be defined.

Currently, an autonomous driving system that is to be identified only as a very weak
artificial responsible agent (as an artificial operational agent) cannot fill the subject
position of a responsibility within the responsibility network “responsibility for road
traffic” due to several more qualified potential (human) subjects of responsibility.
However, such an artificial system could be identified as object or even addressee
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of one or more responsibilities and via this be included within this responsibility
network. To conclude, in this manner it is possible to integrate robots as moral
patients in responsibility constellations—even in challenging situations that require
the complex structure of a responsibility network.
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Psychological Issues for Developing m
Systems for Older Users e

Rebecca Wiczorek

Abstract When designing technology for older users, several psychological aspects
need to be taken into account. With increasing age, certain abilities decline making
interaction with interfaces more challenging and time consuming. Understanding
problems older users face when using new technologies is the key to improving the
design according to their requirements. Several rules can be applied and techniques
can be used to support perception and analysis of information through the interface
as well as the appropriate action selection and action implementation. This chapter
gives ashort overview of psychological factors relevant for successful use of technical
devices and presents some examples how to support older users by compensating for
their age-related declines.

1 Introduction

When developing technology for older adults, two main areas can be distinguished.
First, there is the (re-)design of already existing devices, such as computers, smart-
phones, etc. for the specific target group of older users considering their special needs.
The second type of application would be the development of special devices tailored
to the age-related needs of the older population. The main difference between the
two approaches is that in the case of re-design, the focus mainly lies on the interface,
while the functionality remains the same. When developing new systems for the older
target group, system functionalities have to be defined, developed, programmed, and
tested. The current chapter focusses on the (re-)design of interfaces as the relevant
part of interaction. Interfaces can be divided in input devices, such as a computer
mouse or output devices such as loudspeakers or a screen. A lot of interfaces combine
the two types via touchscreen.

When talking about interface design for older people, two different approaches can
be applied. The planned interface should either be exclusively used by older people
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or it should be designed in a way to be used by people of all age groups. The so-called
“design for all” is required for several applications that are used by different people
and must therefore fulfill the needs of everyone. Examples are cash machines, ticket
machines, and websites. For other devices, however, “design for all” might not be
the best solution because what increases usability for older people (e.g., extra sized
symbols) may decrease the usability for younger people (e.g., unnecessary need for
scrolling). One feasible solution can be the adaptability to customer specification.

2 Older Adults’ Psychological Characteristics Relevant
for Technical System Use and Design

Designing devices to fit the needs of older users is challenging because the group
of older users is very heterogeneous. Some experience reductions of their abilities
already in early old age (e.g., 65 and younger), whereas others remain vital and
keep a high performance-level until they are very old (85 and older). Furthermore,
the decline of a certain aspect does not necessarily imply the decline of others. Not
all cognitive functionalities are strongly interrelated. However, aging is a universal
progressive process experienced by every human being. Thus, every older person
will face some or all of the presented problems at some point in life.

Whenever interacting with the environment, with other people, or with technical
agents, humans pass through the same stages of information processing (see Fig. 1).
Those stages are: perception of information, analysis of information, decision-
making/response selection, and action implementation (e.g., [Wic15]).

With increasing age, performance in all the four stages decreases. Sensory percep-
tion diminishes, especially of eyes and ears, understanding new situations becomes
more challenging, comparison of alternative options is slower and less accurate, and
execution of movements becomes less precise and sometimes painful. Thus, the inter-
action with technical systems through input and output devices is more challenging
for older adults.

Understanding the deficits of older people can help identifying difficulties they
face in interaction with technical interfaces. When knowing the underlying mech-
anisms involved, it is possible to (re-)design interfaces that support older users by
compensating for their age-related declines. In the following, a short overview of
psychological factors of older people regarding perception, cognition, and motoric
aspects relevant for successful use of technical devices is given. The chapter is mainly

Perception Analysis Decision-Making/ Response/
of of Response Action
Information Information Selection Implementation

Fig. 1. Four stages of human information processing in dependence on [Wic15]
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based on the work of several authors presenting summaries of psychological aspects
of aging [Bir06, Cra08, Stul2] and handbooks for the design for older adults [Fis09,
Pak11].

3 Perception of Information and Sensory Abilities

All five sensory systems decline with age. The three most relevant for interaction with
technical devices are the visual, the auditory, and the haptic channel. The perception
can be increased by using multi-modal stimulation.

It is not only the acuity, but several functions involved in vision that decrease
with age, as for example contrast sensitivity, dark adaptation, color perception (due
to yellowing), etc. Make sure to provide sufficient light condition, size, contrast, and
use colors not affected by changes in yellow for improving perception of information.

The most problematic change in hearing is the loss of sensitivity for high fre-
quencies affecting perception of speech and several sounds. To increase comprehen-
sion, signal-to-noise ratio should be increased, frequencies above 500 Hz should be
avoided and natural should be preferred over synthetic sounds.

4 Analysis of Information and Cognitive Abilities

In order to interact with an interface, it is not only necessary to see (or hear) the con-
tent, but also to understand its meaning. The first important cognitive ability needed
is attention. In order to properly begin analyzing information, selective attention
must be given to the item or items of interest. Therefore, distracting information has
to be inhibited, a mechanism that works poorer in older people due to changes of
the frontal lobe. In addition, they have more difficulties when being confronted with
multi-tasking demands requiring diverted attention. Thus, it is important to eliminate
anything not relevant to the task and to avoid parallel tasks.

Furthermore, the useful field of view (UFOV) declines with age (see [Bal90]).
That is the part of the visual field where the attentional focus works. The smaller the
UFOV, the fewer items can be processed in parallel. Older people are more likely to
make a serial visual search, paying attention to one (or only a few) item(s) after the
next taking more time. In order to reduce long visual search time, avoid clutter by
only displaying relevant information.

The next important cognitive component is the working memory, which is alimited
short-term storage unit for a small number of items that must be manipulated (e.g.,
mathematical operations) and/or remembered. When aging, older users face the two
problems of reduced capacity and increased processing time. While younger people
are able to process and remember seven *+ two items, older adults process and
remember four or less items. In addition, the general-slowing theory [Sal96] states
that the speed with which each signal is being processed is reduced in older adults.
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Thus, the ‘age x complexity’ hypothesis explains why increasing the number of
items needed for a certain operation in working memory proportionally increases
the processing time. In order to avoid errors of working memory, the number of
items that must be handled or remembered should be as low as possible.

5 Decision-Making/Response Selection and Cognitive
Abilities

The accurate analysis of what has been perceived is crucial to understand what is
presented by an interface. However, for the successful interaction users must be able
to comprehend the information displayed. In order to do so, they need reasoning abil-
ity, the competence of deductive conclusion of the available options by interpreting
the current situation. Like most of the other cognitive abilities, deductive reasoning
declines with age [Sch05], but some simple techniques may serve as countermea-
sures. For improving sense-making, the most crucial thing is consistency achieved
by tying only one functionality to each button (or switch, etc.) and keeping it during
the different modes. Additionally, similar items should share identical properties,
such as color, shape, etc. and should be grouped together. Even though reasoning
ability is usually defined with regard to sense-making in new situations, older adults
often face the additional disadvantage of being unfamiliar with technical devices
in general. Thus, it is even more challenging to understand the possible options
of manipulation (e.g., using a touchscreen). To support action-selection, the input
options should possess affordance characteristics regarding size, shape, color etc.

One more specific intellectual aspect also declining with age is the spatial ability
needed for navigation in the environment as well as through menus of an interface.
Older users are more likely to lose track when navigation becomes complex. For
avoiding older users getting confused when navigating, hierarchy should be kept flat
and representations of the underlying structure such as a graphical organization of
the menu should be provided if possible.

The ability that is least affected by age and can even improve is the verbal ability.
It is therefore a valuable source for compensating for other declines. Use letters
and text instead of symbols and pictures to improve comprehension. Add verbal
explanations such as manuals or other help options (e.g., mouse-over), whenever
possible to facilitate interaction.

6 Response/Action Implementation and Motor Abilities

When interacting with input devices precise movements have to be fulfilled in order
to achieve the desired goal. With age, the accuracy of motion declines and timely
coordination becomes more difficult. The first causes errors with precise pointing
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interaction, whereas the latter can be problematic when coordinated actions such as
double clicks or scrolling are required. To support older users’ manual interaction
items (e.g., buttons) should be increased in size with sufficient space between them.
Whenever possible, direct interaction as with touchscreens should be preferred over
indirect manipulation with devices, such as a computer mouse.

7 The Design Process

When comparing all requirements supporting older users’ interaction with technical
interfaces, it becomes clear that some of them are contradictory:

e The number of items that need to be scanned visually should be reduced, but at the
same time the hierarchy of menus shall be flat not deep, which leads to an increase
of the number of items per level.

e When a touchscreen with extra sized buttons is used as required to improve manual
interaction, fewer buttons load on a page, but switching between pages increases
the load of working memory.

e Distracting elements and multi-tasking demands should be avoided to support
attention allocation, but the requirement of a graphical organization of the menu
structure with the aim to support spatial navigation contradicts the first rule.

The examples given above point out that designing for older adults does not only
consist of following simple rules. It is a process requiring careful consideration of
contradictory requirements, acceptance of necessary compromises, and, most impor-
tant, an individual answer for each case. It is important to find a specific solution that
works for the current system, the current task, and the current target group of users.

Certain steps of the user-centered design approach can help to identify the optimal
solution for a currently developed system:

e The first step is an analysis of the task, the users, and the environment. This can
be done with a hierarchical task analysis, interviews, questionnaires, observations,
etc.

e Based on the results, designers can decide which tasks or task aspects are most
important (e.g., most frequently carried out, most crucial for safety, etc.).

e Accordingly, priority shall be given to design aspects supporting the most impor-
tant tasks.

e Before implementing the new solution, the chosen design should be evaluated.
This is usually done by a usability test. This test investigates the effectiveness,
efficiency, and the satisfaction of the older users when completing a task with
the new or re-designed interface/system. Requirements for the test can be derived
from the analysis carried out in the beginning of the design process.



114 R. Wiczorek

8 Example: Re-Designing a Smartphone for Older Users

The example is hypothetical and refers to a system most readers are familiar with, the
smartphone. Obviously, this is a very complex system and the example is striking and
simplistic, but hopefully it is nevertheless helpful by pointing to the most important
aspects of user-centered design for older people, i.e., prioritization and compromises.

In a first step the analysis should be carried out. Interviews and questionnaires
provide knowledge regarding the most important tasks as well as the least important
tasks. Additionally, problems that were faced with already existing devices may help
to avoid certain errors in the future product.

The hypothetical results show a lot of differences between older users and the
conventional target group: The two tasks they are most interested in are ‘making
phone calls’ and ‘storing and watching pictures’ received from their family. The
tasks they carry out less often are texting, surfing in the internet, and taking pictures
of themselves. The most crucial problems they have faced before are insufficient
audio quality and getting lost in the menu. Additionally, older people are not willing
to spend as much money for their smartphone as the average younger user.

Thus, in the hypothetical design process, we decide to develop an economic smart-
phone that mainly supports the task of making phone calls and the task of storing
and watching pictures. Users shall not get lost in the menu and have easy access to
relevant functionalities such as changing the brightness.

Accordingly, we give priority to the speakers over the camera. Additionally, we
can develop a software solution to further improve the sound quality for older people
(e.g.,increasing high frequencies). To avoid getting lost, items representing important
tasks (e.g., dialing, contacts, pictures) can be placed in the home screen, represented
by oversized buttons labeled with readable text. To compromise about other functions,
they may be placed in a second screen reachable with an ‘other functions’ button.

Within a usability test with a prototype, we can evaluate our hypothetical solution
by making older participants carry out the relevant tasks with the new system in
comparison to conventional smartphones.

The hypothetical product we designed is not the perfect smartphone that satisfies
all types of users and is best for all tasks. The current phone does not have a back
camera, it does not allow to place lots of applications in the home screen, it has not
a very minimalistic design, etc. However, in the best case it represents the optimal
solution for older users, because it supports the tasks important to them and minimizes
problems of the specific target group.

9 Summary

Declines of physical and cognitive functions often make the interaction with technical
devices more challenging for older people. When designing for this specific target
group it is helpful to be familiar with psychological issues relevant for the design
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of technical systems as well as knowing adequate countermeasures to support the
older users. However, it is not sufficient to follow simple rules as they are often
contradictory. Thus, it is necessary to compromise about certain functionalities by
giving priority to the tasks most important for the older user group. Methods of user-
centered design can help to structure the design process and to make the relevant
design decisions.
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Attention Models for Motor )
Coordination and Resulting Interface L
Design

Bettina Wollesen, Laura L. Bischoff, Johannes Ronnfeldt and Klaus Mattes

Abstract In the Industry 4.0 interface designs need to be adjusted to cognitive and
sensorimotor abilities of humans in order to ensure a faultless and ergonomic human-
machine interaction. The perception and processing of stimuli as well as the reactive
motor planning and response of humans is essential for the exchange of information.
Attention processes play an eminent role in both the processing of stimuli and the
motor response. This chapter presents the current state of research regarding atten-
tion models for perception and motor control. Various attention theories agree that
the execution of motor-cognitive tasks depends on the task setting and the task condi-
tions (e.g., the complexity or sensory modality conditions). These findings should be
actively integrated into design processes of interfaces for human-machine interaction
to avoid negative consequences.

1 Introduction

Employees who work in the field of human-machine interaction need to coordinate
their cognitive and sensorimotor abilities to make correct decisions during work-
ing processes (e.g., the monitored inspection of components produced on assembly
lines). Every action during a working process needs the coordination of motor skills
including the related components of sensory input and transmission, cognitive control
and motor planning, control and performance.

All sensations from our everyday surroundings—whether it is a sound that signals
the arrival of a new e-mail or a visual sensation needed to recognize and sort out
defective components produced on assembly lines—they all are perceived via several
receptors (visual, auditory and kinesthetic system). For processing these information,
reactive motor actions have to be taken, which must be regulated and implemented
(e.g., clicking on an e-mail or grabbing a defective component of an assembly line)
[Ros08].
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However, not all reactions to a specific stimulus automatically lead to a specific
sequence of actions. It is more likely that after a stimulus is sensed, specific move-
ments have to be coordinated and deliberately implemented; hence motor-cognitive
control and movement requires attention and particular interaction processes.

2 Organization of Interaction Processes of Perception
and Motor Control and the Role of Attention

At the modern workplace, employees are continuously faced with new tasks and nov-
elty. Willed motor action and the execution of plans require a supervisory attentional
system (SAS) [Nor86]. For every initiated movement, there has to be differentiation
between automatic and controlled processes.

Automatic movement control is based on patterns that are stored in the long-term
memory and are activated automatically by specific impulses and initiate routine
actions. Automatic processing of those patterns is fast, demands few resources and
can be done subconsciously. The lateral inhibition prevents movement patterns to
run simultaneous, and even prioritizes established patterns that have proved to be
adequate motoric reactions to certain stimuli [Nor86].

In contrast to automatic movement patterns, the SAS influences controlled move-
ments: It adjusts the movement patterns to primary objectives, activates matching
movements and inhibits those that do not fit. Hence, new learned movement patterns
and those which have to be adjusted require special attention [Kar12]. The SAS must
inhibit automatic patterns, especially in situations, in which automatic movements
have to be inhibited (this can be the case e.g., when ambulance service drivers must
instead of stopping, run red lights).

Other models as the frontal-lobe executive model (FLE [Dun86]) and the strategic
response-deferment (SRD [Mey97]) are still discussed diversely. Supporters of the
FLE assume that three sub-components influence the executive control of actions
(orientation on the primary target, analyzing processes of expected meaning and
action and the related structure to activate movements). On the other hand, scientists
who support the SRD expect that responses to the task-stimuli and the organization of
the tasks are integrated into the cognitive operations according to the order they will
be processed. Secondary tasks stay in the working memory and are not completed
until prioritized tasks are.

In their review, Wulf et al. [Wull0] describe the influence attention has on per-
formance of movements in respect of effectiveness (precision and consistency) and
efficiency (muscle activity, physical effort, cardiovascular stress). Results are far bet-
ter when the attention is focused on external effects of the motion execution than
when the execution of movements is focused internally.

The lack of attention, even divided attention due to so-called multi-tasking can
lead to an inadequate choice of, and even to an incorrect execution of movement
sequences, because task organization requires different cognitive processes. Yet the
capacity of the working memory is limited [SpiO8].
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3 Problems Caused by Multi-tasking

During the workday, employees frequently switch between activities such as making
phone calls, using computers, reading, or supervising machine operations [Spi08].
That is why, for many jobs multi-tasking is required, when executing parallel or serial
tasks. Multi-tasking can be classified in four categories [Sal05]:

1. Serial discrete tasks (task-switching).

2. Simultaneous discrete tasks (overlapping tasks).

3. Continuous tasks (interrupted only by occasional discrete tasks).
4. Composite (simultaneous) continuous tasks.

This classification shows that in the working place, there is a close connection
between multi-tasking and interruptions [Janl5]. If two or more tasks are to be
completed at the same time, the needed time for the completion can be expected to
rise significantly [Pas00, Rub01]. The interruption of tasks is also an uncontrollable
stressor, which requires additional psychological resources in order to manage the
completion of tasks [Spi08].

Alongside interruptions, the complexity of secondary tasks plays an important
part. Colcombe and Kramer [Col03] differentiate between four task classes. Starting
with the least amount of cognitive effort needed and ending with the most, the four
classes are: (1) processing speed, (2) visuospatial, (3) controlled processing, and (4)
executive control.

The quality of the work can be expected to decline significantly: the more tasks
have to be completed simultaneously and the longer a multi-tasking situation lasts,
the higher the loss of quality gets [Jan15, Rub01].

Various theoretical models describe the mechanisms of motor-cognitive interac-
tions and susceptibility in situations of complex actions. They all underlie the idea
that dual-task compete for attentional resources, because cognitive processes run
serially and not simultaneously.

The theory of the so-called central bottleneck hypothesizes that cognitive pro-
cesses run serially, without any exception. It implies that the processing of informa-
tion from different task demands is limited (bottleneck), because not all information
can be processed in the working memory simultaneously. The processing of the sec-
ond task can only begin, when the first task has been processed already. That is why
the processing time for dual-task is longer than for single-tasks [Pas00].

However, the attentional resource theory indicates that motor-cognitive interfer-
ences occur in multi-tasking situations, because the subtasks compete for attentional
resources, which are limited [Kah73]. Yet, it is striking that, when executed simulta-
neously, controlled performance patterns show a higher loss of quality than automatic
ones. The loss of quality even rises, if the tasks that are to be performed resemble
each other.

These observations helped to supersede unspecific theories of resources by con-
cepts like Wickens’ 4-dimensional multiple resource model. Among others, Wick-
ens’ model shows that the interference rises, whenever tasks require similar sensory
modalities and information channels [Wic80].
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Fig. 1 Wicken’s 4-dimensional multiple resource model adapted from [Wic02, p. 163]

This model also suggests that the cognitive system has limited capacities. The
entire capacity is made up from different, independent singular capacities. The model
is to be understood as a cube with multiple dimensions (see Fig. 1). This means that
perception modalities, such as acoustic or visual ones, are differentiated and hence
the reaction to those modalities can be either manual or vocal.

Wickens postulates that less interferences occur, when different modalities or
reactions are taking place in parallel contrary to cases, when tasks require similar
modalities or reactions. This means that it is easier for the human brain to process
one acoustic and one visual signal than to process two acoustic signals [Wic80].

Therefore, an organization process is needed in the central nervous system to
distribute attention resources. It is assumed that such processes are run by the men-
tioned SAS [Nor86] or that they are executed via a central source [Bad96]. This
assures that the resources can be strategically distributed according to (a) the avail-
ability of resources, (b) the priority of the task and (c) according to the requirements
for the task. The organization process is subdivided into ‘task switching’, ‘memory
updating’ and ‘response inhibition’ [Bad96, Miy00, Str14]. Multitasking has also
been suggested to be the executive function itself (executive function ‘dual tasking”)
rather than being a process made up from the three functions named above [Str14,
Enr13].

In multisensory research, there is now an ongoing debate whether there are inde-
pendent singular attentional capacities for each sensory modality (as postulated by
Wickens) or whether attentional resources are shared across sensory modalities. A
recent review conducted by Wahn and Konig [Wah17], suggests that for the visual and
auditory sensory modalities, distinct resources are recruited when humans perform
object-based attention tasks, whereas for the visual and tactile sensory modalities,
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partially shared resources are recruited. Attentional resource allocation across sen-
sory modalities is therefore task-dependent.

With advancing age, routine actions in everyday life, such as walking, driving,
or typing on a computer’s keyboard require more cognitive control and attentional
resources [Yog12, Woo02].

Research has shown a correlation between age and poor results when solving even
very simple visual reaction time tasks. The results decrease in quality with increasing
age of test persons and with rising difficulty of the tasks, especially when the solution
requires executive functions [Foz94]. Hence, demanding visual tasks have a negative
impact on a person’s motor skills [Beul2].

Apart from research about multitasking situations during locomotion and postu-
ral control, multiple papers have also explored performance decrements of everyday
skills (e.g., driving). Age-related performance decrements during the multitasking
situation of driving a car were detected especially when the drivers had to com-
plete visual tracking tasks. When given mathematic tasks, drivers slowed down and
overlooked street road signs [Cha05]. Talking on the phone also impacted the speed
while driving and the ability to change the speed. Additionally, it leads to deviations
of steering motions [Shi05]. Koérber’, Gold, Lechner and Bengle [K&r16] conducted
research to investigate whether elderly drivers reacted differently to obstacles, when
they were confronted with a high volume of traffic or verbal multitasking. Although
the time elderly people needed for a reaction was comparable to the reaction times of
young drivers, it was evident that elderly drivers decelerated more rapidly and more
often. The precision of movements for bimanual coordination requires executive
control and therefore relies on the allocation of attention resources [Ban10].

Additionally, findings concerning motor-cognitive interaction processes of the fine
motor skills of elderly people should be taken into consideration, when designing
interfaces.

Hand-Eye Coordination

Hand-eye coordination is often disturbed because the strategy for grabbing an object
needs to be altered: the targeted object has to be visually focused for a longer period
of time, if movements are to be executed extremely precise [Coal6].

Grabbing and Pointing Movements

Precision of grabbing and pointing movements can cause movements to be executed
slower. They also have a higher movement variability [Yan98]. Especially pointing
movements become less precise and disharmonious [Sei02].

Bimanual Coordination, Grabbing and Manipulating

Asynchronous movement of the hands can cause deficits in grabbing objects biman-
ually and in continuous, cyclic movements; but it also results in generally prolonged
execution of movements and force control [Wis00, Viel5, Gil03, Par12, Ola07].
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When reviewing the presented models, it can be concluded that managing motor-
cognitive tasks in everyday life depends on the task setting and on the task require-
ments (e.g., the complexity or sensory modality conditions). This knowledge should
be directly implemented in designing processes.

4 Mistakes and Situation Awareness

Endsley’s concept [End95] has become the most used models to identify possible
mistakes made by users, who process information with the help of computer-based
systems. His model of situation awareness identifies three consecutive aspects of a
cognitive process:

e Perceiving all relevant objects in a given environment (e.g., identifying objects
indicated on the monitor).

e Understanding the meaning of all identified objects and the interpretation of the
situation (e.g., users have to understand displayed information and maybe even
need to integrate information into their existing knowledge).

e Predicting the changes of the object’s state and of the environment for a certain
time span.

Often, cognitive processes result in decisions, which may lead to reactive actions.
For the actions of users, it is of utmost importance that they are able to anticipate
future conditions of the system. Mistakes often result from conscious or unconscious
anticipatory processes. However, they can occur in all the three cognitive processes
[End95].

To avoid mistakes, the cognitive abilities of humans should be taken into consid-
eration when designing interfaces. An intuitive design can reduce the cognitive costs
that are needed to pass through consecutive processes [End95].

In the following the consequences that result from the presented attention models
and from the interaction between attention and movement planning and movement
execution for human-machine interaction, will be presented.

5 Consequences for the Design of Interfaces
in Human-Machine Interactions

The primary objective of an ergonomic design for human-machine interaction should
be the adjustment of technological possibilities to the skills and abilities of humans
[Jai07, Sch10]. For example, display systems should be constructed in a way that
allows information to be perceived, processed, and interpreted with as little mental
resources as possible.

Asthe SAS [Nor86] indicates, fewer attention resources are needed, when designs
of interfaces are intuitive, which means that the design is oriented on expectations
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and experiences that are stored in the long-term memory and hence activate auto-
matic action processes. Interfaces with non-intuitive designs require the activation of
supervising attention systems to inhibit automatic action processes. Therefore, they
have higher attention costs and are not ergonomic [Gor14].

Additionally, the described limitations of human’s capacity to act when confronted
with multitasking, which result from the necessary allocation of limited attention, is to
be taken into consideration when designing interfaces. As the theoretical discussion
of Wickens’ multiple resource model [Wic80] has shown, there is a high demand for
multimodal intersections between humans and machines.

The main characteristic of unimodal intersections is that they have one specific
channel to send information (mostly visual information, such as the digital dash-
board of cars or the screen of a computer) and one channel to receive information
(mostly a manual one, e.g., the steering wheel or the keyboard). Unimodal intersec-
tions are sufficient for simple tasks. In case of complex tasks, multimodal intersec-
tions reduce dual task cost and therefore lower potential risks of making mistakes.
By providing various displays and input elements, a multimodal system offers the
possibility to handle machines ergonomically, even during multitasking conditions
[Gér00, Tro0O7]. Schlick et al. [Sch10], who follow Wicken’s model, assume that a
perceptive-cognitive task, which requires the user to receive spatially coded infor-
mation via auditory channels and transmit them verbally, can be easily combined
with a reactive action, which requires the user to take in auditory coded information
visually and transmit them manually. Moreover, Schlick et al. believe that tasks,
which access different modalities have better chances to be combined than tasks that
access similar modalities [Sch10].

Research has proved the advantages of multimodal interfaces: they prevent mis-
takes, they help users to correct mistakes, and they extend the range of human-
machine communication in a way that makes alternatives for communication in
various situations and environments available [Ovi00].

Also, elderly people, who show higher interferences in multitasking situations
would profit from a wider range of communication channels and a modest use
of mental resources achieved by multimodal systems. In special regard to elderly
employees, information channels should be added to tasks that are visually chal-
lenging, because—as research suggests—when elderly people use visual channels
in multitasking situations, interferences are significantly higher than in cases, where
other channels that process information are available [Beul2]. For elderly employ-
ees, it is also to be taken into consideration that the precision of movements and their
reaction time changes considerably for manual tasks. Here trajectories could assist
the movements. This is a solution that younger employees would also profit from, if
the tasks lead to muscle fatigue.

In the past decade, researchers in the field of human-machine interaction have
discussed the possibility to relieve the visual channel that is used most frequently
in the perception of information [Jai07, Sch10, Gorl4]. However, the channel is
crucially needed to keep postural control while executing tasks when standing or in
motion. Since acoustic stimuli—especially in an industrial environment with high
noise pollution—are perceived later than visual impulses and additionally are often



124 B. Wollesen et al.

explicitly interconnected with warnings, it should be considered to use tactile or
haptic feedback as a substitute for the visual channel. In that way, the visual would
be released and multitasking cost could be reduced.

6 Summary and Perspectives

When two or more tasks are executed simultaneously, the time needed to complete
the tasks increases considerably while the quality of the performed tasks decreases
significantly. The decline in performance is evident for cognitive and motor skills.

Multiple studies have proved that multitasking conditions impact the process-
ing of information and the motoric responsiveness. The losses during multitasking
situations result from a necessary allocation of a limited capacity of attention.

Various attention theories offer different explanations. However, they all agree
that the execution of motor-cognitive tasks depends on the task setting and the task
conditions (e.g., complexity, stimulus-response conditions). For example, Wickens
assumes that tasks, which access differing modalities of attention and reaction can
be combined easier than tasks for which similar modalities are used.

These findings should be actively integrated into design processes of interfaces
for human-machine interaction to avoid negative consequences. The reviewed results
about the design of ergonomic user interfaces and work places also play an eminent
role for the industry 4.0. In the future, work places will be dominated by an everyday
interaction between humans and machines. In order to preserve the efficiency and
health of employees and to prevent mistakes, an adjustment of attention capacities
and cognitive processes is of utmost importance.
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The Challenge of Being Self-Aware When | m)
Building Robots for Everyday Worlds L

Andreas Bischof

Abstract Building robots to serve the needs of everyday life is described as a twofold
challenge. Firstly, robotics, engineering, and computer science need new theories and
concepts. Secondly, new methods and forms of collaboration are required. The article
argues that the “wicked” nature of everyday worlds implies another, seemingly mun-
dane challenge for roboticists: to become more self-aware about their own actions
(Sect. 1). This includes a critical reflection on the goals of research and develop-
ment, when dealing with humans (Sect. 2). Furthermore, there are two kinds of rather
implicit methods roboticists use to make their machine work in everyday worlds, that
should be considered more explicitly: On the one hand, the researcher’s own every-
day knowledge becomes an ambivalent resource for making decisions (Sect. 3.1).
On the other hand, roboticists themselves often engage in creating expectations and
desirable scenarios by staging robot behavior (Sect. 3.2). The article concludes not to
wipe out these seemingly mundane practices, but rather to use their marginalization
as a starting point for a reflective methodology of technical support systems (Sect. 4).

1 Everyday Worlds as ‘“Wicked Problem” for Robotics

Dealing with ‘real world problems’ poses a number of challenges. The first and
foremost is a crucial change within the object area of robotics: Humans and their
interactions become part of the problem to make a robot work. Until the 1990s
humans have been either a visionary reference point or a limiting condition for
robotics. They were mostly considered as a safety risk. But the problems that arise
when robots are deployed in everyday worlds cannot solely be understood as technical
challenges, e.g., in terms of obstacle avoidance. Leaving the factory buildings and
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laboratories does not only add a new set of tasks for the machines, it shocks the
scientific—sociologists of science say: epistemic—foundations of the field.

Making robots work in everyday worlds does not only challenge the theories and
methods of robotics, it also demands a new understanding of the role of the roboticist.
By aiming at the actual use of robots in everyday life, robotics suddenly becomes
a discipline such as architecture or urban planning, in which scientific, engineer-
ing, political, social, and aesthetic expertise meet. Robotics now shares the same
resisting—some say malicious [Rit73]—kind of problem like architecture: Human
activity in socio-technical systems is hard to operationalize and predict. Social situ-
ations and human(-robot) interactions are technically and scientifically incomplete.
Factors and actions that become effective might not always be foreseeable. Demands
of human-robot interaction are furthermore perspective-dependent, that is, they are
subject to the interpretations of people—which often differ from the expectations
of the designers and engineers. Furthermore, every action of a robot or a roboticist
leads to reactions by the addressed users, so the roboticists expectations about the
expectations of the future users may directly influence the resulting human-robot
interaction.

Roboticists are forced to operationalize this social complexity into machine lan-
guage. There is a stark contrast between the phenomenon of human-robot interaction
in everyday worlds, which is difficult to standardize on the one hand, and robotics as
an established set of problem-solving strategies, that rely on standardized procedures
on the other hand. Other domains of Computer Science like software development or
ubiquitous computing have related to the concept of “wicked problems” to describe
this issue [DeG90, Cou08].

“Wicked problems” demand types of knowledge, skills, and perspectives that have
not been part of robotics’ self-concept, such as empathy, or bearing ambiguity and
contingency of interpretation. Previous studies on robotics for everyday life have
identified a lack of conceptual and practical approaches to deal with the “wicked-
ness” of constructing robots for everyday worlds. The conceptual gap of robotics
[Lin16] becomes obvious when compared to sociological and social-psychological
perspectives. In summary, the criticism is that the (mostly implicit) social theories
within robotics miss essential aspects of social interaction. Lindemann names the
significant role of expectations for a successful human-robot interaction, and the
indexicality of communication—both factors that are difficult to formalize [Lin16].
On a broader level, there is the strong tendency to conceptualize human-robot inter-
action as dyadic exchange between two entities on the micro level [Meil4, Hoel3].
This mostly cognitive approach to human-machine interaction, equivalent to “the
second paradigm of HCI” [Har07], reduces the specific complexity of the everyday
world: By focusing on cognitive factors, the complexity of the numerous, interact-
ing, and context dependent social factors of everyday worlds become marginalized.
To deal with this complexity is the core challenge for robotics in everyday worlds
[Meil4].

In the following sections, I want to contribute to this challenge by discussing a
methodological aspect of robotics research and development that is widely under-
exposed: the crucial role of robotics’ and roboticists’ own (inter-)actions towards
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and in everyday worlds. Their actions and interpretations do not only then become
effective when a robot is deployed, but already in the very beginning of research and
development. Therefore, I will argue for a reflective stance within robotics to the
goals of research (Sect. 2), the everyday knowledge of the researchers (Sect. 3.1),
and the way they foster expectations about robotic behavior (Sect. 3.2).

2 How Does Robotics Define Social Goals?

It is rarely publicly discussed, how goals and desired effects of robots in every-
day worlds are defined. Research from Science and Technology Studies shows that
the definition of goals in robotics research and development is mainly influenced
by two factors: culturally shared “imaginaries” of robots on the one hand, and the
conditions and constraints of research funding on the other hand. Sabanovié¢’s ethno-
graphic study has shown that scientific theories and engineering problems are only
a minor resource for the definition of objectives within social robotics. Moreover,
everyday experiences, stories and symbols, especially from science fiction, played
a decisive role and thus provided a common ground for researchers, the public, and
funders [Sab07]. Studies comparing the culturally shared images of robots between
Japan and the U.S. or Europe report similar findings [Lei06, Wag14]. The underly-
ing concept of “imaginaries”, collectively shared ideas that influence the researchers
as well as the funding institutions, has a longer tradition in science and technology
studies [Boe14]. It is known that imaginaries coordinate the communication of dif-
ferent groups of actors, e.g., the public and funding institutions [Roe08] and even
the practices of researchers [GieO7]. It is characteristic that imaginaries interlink the
technical feasibility and societal desirability of a technology, for example by pro-
moting a politically desirable idea as being technically feasible to justify investments
and funding [Jas09].

When looking at robotics research and development funding programs like the
EU’s SPARC [Noel4] or the National Robotics Initiative in the U.S. it becomes
evident, that robotics funding is fueled by such claims of political desirability [e.g.,
Krol4]. Major research funding programs for technology development, for example
in the field of Ambient Assisted Living, directly refer to this discursive figure. In these
funding programs and the accompanying speeches, press releases, and workshops
robotics is described as an instrument to control and compensate societal develop-
ments, like, e.g., the demographic change. This recurrent intertwining of solution
promise and technological development has direct consequences for how robotics
research and development sets its goals.

The classical epistemological path of producing knowledge in science is thus
reversed. Robotics orientation of research and development can be called “post hoc”
[Kno84]. The aim of this kind of work is not so much to discover new solutions, as
rather to successfully implement the previously defined solution “robot application”,
as Meister has pointed out for service robotics [Meil 1]. Whether these objectives
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defined upfront are actually relevant for everyday worlds is most often not a superior
criterion to decide upon the goals of robotics research and development.

The most problematic aspect of this framing is, that its effect on the actual research
and development practices becomes implicit. The instrumental reference to everyday
worlds as “context of application” makes it invisible, how users and usage scenarios
are configured by upfront defined objectives [Wo0090]. This blind spot is methodolog-
ically and ethically problematic. If robotics does not explicitly reflect and discuss
the implications of its goals, it runs the risk of being a self-fulfilling prophecy of
the imperative of usefulness, rather than building robots that actually fit in everyday
worlds.

The following questions provide a rough guide to reflect on the origin and function
of goals in robotics research and development and can easily be applied to any kind
of project:

e Who defined the goal of R&D/task for the robot?

e When was the goal defined—before or after a contact with the users addressed?

e Is there any valid empirical evidence, that this goal refers to actual needs of users
in everyday worlds?

3 Silent Contributions by the Researchers and Engineers

Human-robot interaction and other branches of robotics adapted a plethora of meth-
ods and methodological approaches to research everyday worlds and users’ interac-
tions with machines. Methods like ethnographic observations of field tests, in-depth
interviews with users or acceptance tests with focus groups are particularly suitable
to deal with the “wicked” nature of building robots for everyday worlds. More quan-
titative, lab-oriented methods like usability or task tests in closed environments, or
questionnaires on perceived quality of human-robot interaction most often do not
lack explicit reflection either. Most of these methodological applications from fields
like psychology, anthropology or even design research evolved to a comparably high
standard of methodical reflection.

However, there is an unseen area of robotics research and development, that is only
unsatisfactorily controlled or reflected methodologically: roboticists actions towards
their research objects and subjects. Thereby I mean two sets of activities that are
not considered scientific or academic at all, yet have a great impact on the demands
and expectations towards robots in everyday worlds. The first are everyday activities
and everyday knowledge of the researchers that implicitly become a resource for
understanding and defining demands (Sect. 3.1). The second are activities of stag-
ing robot behavior and thereby actively creating expectations of robots’ capabilities
(Sect. 3.2).
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3.1 Everyday Knowledge as Ambivalent Resource

It should come as no surprise that everyday knowledge is a resource to make robots
work for everyday worlds. Relying on one’s own observations, implicit knowledge,
and incorporated abilities in order to achieve a fit of machines and everyday scenarios
is an obvious and promising strategy. By doing so roboticists become instruments of
robotics requirement engineering. They draw on experiences and expertise gained as
everyday people. This has been confirmed in many cases during my visits in robotics
laboratories in the U.S. and Europe [Bis17]. Particularly when talking about the
motivation and aptitude to work in the field of social robotics it becomes obvious,
that everyday occurrences in the lives of researchers have an epistemic value for their
work. However, these everyday methods and this knowledge are most often neither
documented nor questioned, which is problematic.

An example for such everyday methods of researchers is “lay ethnography”.
Thereby I mean observations of everyday life done by roboticists. For example,
a researcher followed people through a university building in order to find out which
floors the students and staff typically use and what goals they have. Although the
roboticist does not consider such an activity to be a proper scientific experiment, it
still helps him or her to limit the space of solvable problems in order to determine the
further course of the robotic project. (The specific case retold here aimed at building a
service robot that fulfils simple tasks in the university building.) The strategy applied
by the researcher is typical for laymen’s ethnographies in robotics: “Let’s just see
how people do it.”

These lay ethnographies differ from methodically controlled ethnographies in
their purpose: Lay ethnographies are means of generating meaning within the
researchers’ work [Wee06]. They are rarely discussed outside of a laboratory nor
presented at conferences or contested by competing interpretations or further empir-
ical material: lay ethnographies only serve themselves so to speak. They are not aimed
at being transformed into a discourse that explains and contrasts the researcher’s own
understanding, as professional ethnographies are required to do. Without this reflec-
tive element, everyday observations of researchers miss out the core analytic quality
of ethnography [Dou06]. Lay ethnographies are a rather descriptive method, that
does not question the point of view of the observer. But this would be highly critical
for an ethnography in order to be valid. There is a long tradition in Science and
Technology Studies analyzing and criticizing such “I-Methodology” of engineers
and designers [Akr92], that consist in extrapolating knowledge from their point of
view.

3.2 Creating Expectations About Robots

Most robotics research teams develop a kind of “demonstration routine”. There are
plenty occasions, were roboticists are asked to present their work, such as open house
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days for publics or funders, during events to attract new students, competitions or
Science Fairs. Due to these regular presentations of their machines, most roboticists
gain a feeling for the expectations of the audience, the effects of certain behavioral
patterns, and also for the necessity of props and scripts.

The ““YouTubization” of research [Bot15] is an expression of this important role of
staging robots’ behavior in robotics. The creation and circulation of “demo videos” of
robots are almost obligatory for robotics research. For a “demo video”, the behavior of
the robot is usually presented in a scripted scenario in which a human demonstrator
or narrator comments on the machine. These presentations serve to illustrate the
feasibility of a technical solution or the fault-free operation of a prototype [Ros05].
Such videos are omnipresent in robotics: they can be found on the researchers’
websites, are used in lectures, in conference talks, become part of the publications,
and circulate on YouTube, Facebook, and in tech blogs as well as in the researchers’
mail inboxes.

This popularity has inspired a growing body of research literature on the role of
demo videos for research and development [Ros05, Suc07, Sucll, Sucl4, Win08,
Bot15]. Winthereik et al. [Win08] examined the staging of future uses in such videos.
They found that the videos first and foremost serve the “life-world of the demo”, the
places and occasions of the demonstration of the videos: Above all they are a tool
for connecting to discourses of potential industrial cooperation partners, marketers,
politicians, colleagues, and user groups. Both highlighted the expressional element in
the researchers’ activity of staging robotic behavior along the aesthetic conventions
of video clips [Botl15]. Demo videos are thus also an expression of the identity
constructions of the researchers, but this does not mean that they depict themselves in
the videos. Instead, the focus is almost entirely on the performance of the machines.
This can be interpreted as a successful representation of the original goal of new
robotics: to build machines that are suitable for everyday use. The videos and their
productions then aim to provide proof of the robots’ efficiency.

These practices of staging include clearly an interaction between the researchers
and the addressed users. “Demo videos” are shaped by expectations and form expec-
tations for human-robot interaction. Robotics does not just rely on cultural imagi-
naries of robots’ capabilities, it shapes them too. The staging of technically not yet
feasible robot behavior is part of the negotiation on the potential of a technology and
for what purposes it might be used [Win08, Lat05]. Many researchers in the field are
well aware that they contribute to a changing experience of sociality by developing
their machines and creating presentations of them [Dau98, Turl7]. However, the
implications and conditions of this change—and the roboticists’ share thereof—are
not explicitly reflected and discussed in robotics research and development.
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4 Conclusion: Towards a Reflective Methodology
of Robotics for Everyday Worlds

In this text, I pointed towards some critical practices of roboticists. However, I did
not do this to discredit or de-legitimize the goal to build autonomous machines or
support systems. Instead, the empirical findings of Science and Technology Studies
and Sociology of Science are meant to improve the ability of engineers and scientists
to include themselves in the equations they make about everyday worlds. Engineering
robots for everyday worlds has been described as a “wicked problem”. This means
that the objects in this area are so complex and changing that there are no standardized
solutions to treat them. Instead, the processing of “wicked problems” essentially
depends on the formulation and definition of the problem by the developers themselves
[Rit73].

Beside psychological theories and effects, robotics for everyday worlds should
focus on the dynamics of social worlds and the diversity of perspectives of different
stakeholder groups—including roboticists themselves. New theories and methods
require a different understanding of the relationship between researchers and their
‘objects’ of investigation, which are alive, interpreting, responding, and involved.

The proposal of the article is to take a reflective stance on practices and assump-
tions within research and development—even when they seem mundane and/or
marginal to the goal of making the robot work technically. As we have seen, within
everyday worlds the fit between man and machine goes far beyond technical prob-
lems. It is also a matter of culturally shared meaning, contesting definitions of useful-
ness, and power with respect to defining goals. Thus, making robots work in everyday
worlds requires heuristics that go far beyond ‘neutral’ measurements and technical
modeling. The personal contribution of roboticists cannot be ignored nor eliminated
from the task to build robots for people.

This extends to all creators of technical support systems, although their specific
technical and social challenges may differ. Overarching fields like Human-Computer
interaction or concrete domains like wearable technologies or smart homes share the
problem to mechanize and digitize practices and situations that are wicked in the
above described sense. Thereby engineers and designers of support systems have
been assigned a leading role in the overall process and not only with regard to
the construction of the artifact proper: Their products embody social relations, for
example power relations, and they are responsible to reflect upon this. This transcends
simple categories like ‘intended’ or ‘unintended’ effects of technology use. It requires
to critically consult the technical development as a process and to understand, whether
it is biased in a particular direction, or which social interests it favors. The process
of technological development is critical in determining the politics of an artifact
[Win80]; hence the importance of incorporating all stakeholders—instead of viewing
the actions and beliefs of scientists and engineers as somehow external to the social
and normative dimensions of support systems.
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Engineering Collaborative Social Science m
Toolkits. STS Methods and Concepts L
as Devices for Interdisciplinary

Diplomacy

Peter Miiller and Jan-Hendrik Passoth

Abstract The smartification of industries is marked by the development of
cyber-physical systems, interfaces, intelligent software featuring knowledge mod-
els, empirical real-time data, and feedback-loops. This brings up new requirements
and challenges for HMI design and industrial labor. Social sciences can contribute to
such engineering projects with their perspectives, concepts and knowledge. Hence,
we claim that, in addition to following their own intellectual curiosities, the social
sciences can and should contribute to such projects in terms of an ‘applied’ science,
helping to foster interdisciplinary collaboration and providing toolkits and devices
for what we call ‘interdisciplinary diplomacy’. We illustrate the benefits of such an
approach, support them with selected examples of our involvement in such an engi-
neering project and propose using methods as diplomatic devices and concepts as
social theory plug-ins. The article ends with an outlook and reflection on the remain-
ing issue of whether and in how far such ‘applied’ and critical social science can or
should be integrated.

1 Social Science in Engineering Projects

The transition from traditional to smart industries is indicated by the implementa-
tion of (digital) automation tools and the integration of cyber-physical systems, e.g.,
sensory interfaces, informed models and (self-learning) algorithms. This refurbish-
ment of factory (infra)structure is affecting HMI design decisions and the ways that
such smartified plants are operated [Pos15]. Industrial smartification thus involves
dense entanglements of business, organization, technology and labor-routine issues,
all of which are of genuine interest to disciplines like sociology and “Science &

P. Miiller - J.-H. Passoth (<)

Munich Center for Technology in Society/Digital Media Lab, Technical University of Munich,
Arcisstrale 21, 80333 Miinchen, Germany

e-mail: jan.passoth@tum.de

P. Miiller
e-mail: pet.mueller@tum.de

© Springer Nature Switzerland AG 2018 137
A. Karafillidis and R. Weidner (eds.), Developing Support Technologies, Biosystems &
Biorobotics 23, https://doi.org/10.1007/978-3-030-01836-8_13


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-01836-8_13&domain=pdf
mailto:jan.passoth@tum.de
mailto:pet.mueller@tum.de
https://doi.org/10.1007/978-3-030-01836-8_13

138 P. Miiller and J.-H. Passoth

Technology Studies” (STS). In the context of a deep involvement in an engineering
project on smart factories and industrial automation, we as STS researchers have
composed a qualitative methods toolbox to help understand the effects of a transition
from traditional to smart production. In Sect. 3 of this paper, we will give a very
short overview of this toolbox and how we used it in the project. We did this not
only for the sake of a sociological understanding (of socio-technical arrangements)
but also for engineering purposes of human machine interface (HMI) design as well
as to acquire technological, formal knowledge models. Similar methodologies have
already been designed and elaborated in specific engineering disciplines, especially
by those who work in the field of HMI [Jan16]. In HMI, but also other engineer-
ing fields, methods from cognitive science and ergonomics and also from the social
sciences (in a way, since they are socio-scientific methods being used for different
purposes) are commonly employed in order to acquire (expert) knowledge, develop
mental models and assess suitable and supportive interface designs [Liu10]. By pro-
viding a toolbox, we further contribute by adopting sociological methods not limited
to cases in which social science project members demand such a methodology. We
will also illustrate how such a methodology might contribute to the methodological
repertoire of this specific field of engineering, turning our methods into devices for
interdisciplinary diplomacy.

To illustrate the usefulness of such an approach, we used this toolbox and a set
of STS concepts to develop recommendations for the training of industrial plant
operators using several generic training scenarios designed specifically for smart
factory HMI cases. We will highlight some of these recommendations in Sect. 4
of this paper. Our goal was to come up with a broader framework to constantly
revise and update the training scenarios that have already been applied and also to
train supervising staff in how to use the data generated thus far to sort out common
patterns of successful plant operation that go beyond intrinsic plant models and
practical operating guidelines like component maintenance. The purpose of such
an approach is to help guide the reconfigurations of socio-technical arrangements
in complex work environments that are at the core of transitions from traditional
to smart production. Such a transition, we conclude, must be careful—following
Annemarie Mol’s notion of care [Mol08] in the sense that it needs care and must be
taken care of—and we must be incremental to ensure it is done in a responsive and
responsible way that helps to increase both the autonomy and the self-determination
of operators and supervising staff.

We will conclude this piece with a short reflection (Sect. 5) on the affirmative or
critical nature of such an approach to the integration of social science research in
engineering projects. We will argue that while it is true that such deep integration
in projects makes it tricky to criticize their overall ends, it is only through such
immersion that it is possible to produce concrete alternatives and challenge taken-
for-granted assumptions in engineering.
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2 Smart Factories and Smart Collaborations

As partners of the EU-funded project IMPROVE’, we investigated the ‘socio-
technical aspects’ of the project. IMPROVE is focused on developing automation
technology for smart factories, improving plant surveillance for operators, and pro-
viding self-learning software that contains plant models and processes real-time data
which are used for early anomaly detection and malfunction anticipation. But how
do we as social scientists and STS researchers function as a part of this project?
We worked very close with the HMI engineers from IMPROVE who were not only
commissioned with designing an interface for surveillance and detection features,
but also with developing a decision support system (DSS) for plant operators in
this and other smart factory contexts. Furthermore, their work package involved the
task of eliciting expert informed mental models of the industrial project partners’
plants. To do this, they used card-sorting techniques and interview sessions with
the technical and operating personnel from IMPROVE’s industrial partners. From
this they were able to build ordinal cause-effect graphs to be used for operating
purposes in terms of monitoring and decision support. For our deliverable as social
science partners, it was necessary to collaborate with the HMI project team in order
to understand their design assignments and means and thus to contribute by pro-
viding socio-scientific consulting and complementary content like data or concepts.
Our engineering partners shared their data (and resulting models and prototypes)
and took us with them to their inquiry meetings. Based on these data and experi-
ences we attempted to understand the capacities and underlying strategies of their
methodology—an eclectic assemblage of psychological, ergonomic, and social sci-
ence methods. Furthermore, we could gather our own field data—on the investigated
operators and our researcher colleagues and their very own social practices of engi-
neering [Buc94]—and experimented with ways of analysis that could complement
our partners’ data analysis. While they used the data to create the plants’ models, we
have tried to figure out some characteristics of operators’ labor routines that would
be relevant to HMI design. As far as they could be reconstructed based on our dataset,
we drafted concepts of how operators and supervisors handle problems, how they
conceptualize their own practice, and how they configure their organizational roles.

These very socio-technical arrangements that we have mapped informed our addi-
tional tasks involving the development of a concrete, complementary toolkit of qual-
itative research methods that would fit such engineering projects. Hence, we not only
acted as methodological consultants but, in particular, as methodological researchers
who were tinkering with a particular toolbox that could inform HMI design and DSS
features. Also, we experimented with generic training scenarios for operators in smart
factories in ways that featured IMPROVE’s or similar technology. We grounded both
assignments in the same data and concepts in order to design an analytical setup for
our toolbox and in order to develop training scenarios that took into account the oper-
ators’ particular practices and the specific knowledges and skills that are required.
Therefore, we have worked on a conceptualization for practice blueprints concerning
the different types of problems operators encounter in their work. Our idea was that
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the HMI design and practices covered by the training schemes provided should be
more integrated and could even feature reciprocal synergies.

We have also observed another differentiation of methodological research
approaches that is seen less frequently in sociological studies. In addition to the
qualitative methods applied by IMPROVE’s HMI partners, other partners used data
mining to receive quantified, explicit data and models that would feature precise
predictions. The applied quantitative and qualitative methods of our engineering
partners were decidedly focused on explicit correlations and configurations of data
and models that were both quantitative and qualitative. Taking our own contribution
into account, this adds up to a threefold (at least) methodological setup, where we
provided research methods that mostly covered implicit, tacit knowledge and latent,
subtle orders of practice. While our partner oriented their work towards use-cases, we
were rather looking for ‘problem-cases’, e.g., unresolved tensions of interest, places
of interference between engineering and worker (operator) mindsets. We prepared
a methodological toolbox because we wanted not only to contribute additional data
as social science experts but also to add a perspective that could cross and integrate
our partners’ quantitative and qualitative approaches and findings. To do so, it was
necessary to re-think our roles as methodologists: (how) could we (re)invent our-
selves as socio-engineers of diplomatic devices within interdisciplinary engineering
projects?

3 Methods as Diplomatic Devices

Qualitative research methods are already known within the fields of engineering,
especially digitalization. However, from a sociological point of view, these meth-
ods are not sufficiently elaborated—or at least not properly implemented and justi-
fied—by their users. In many publications that deal with such methodological needs
or issues, corresponding methods are applied but not explained. In Software Engi-
neering, this has been recognized and initial steps have been explicitly taken to turn
towards more sound empirical research [Dit0O8, Tor11, Han07], but such an approach
is missing from industrial engineering. Nonetheless, this must not be mistaken for
some kind of sociological snobbism. This is not about pushing sociological questions
into other disciplines, but clearing up what such qualitative methods are capable of,
and how their application can even be used to help produce an understanding of
disciplinary boundaries and ways of crossing them. As a toolbox for collaborative
projects, they can be thought of as diplomatic devices. We have turned several social
science methods into such devices. In particular, we have focused on the qualitative
analysis of technical documents and on ethnographic fieldwork. A textual version of
this toolbox has been created for our project deliverable and will soon be published
as part of collaboratively edited collection [Pas18].

In engineering contexts, these methods—although in most cases it is only inter-
views—are used as knowledge-acquiring methods that are focused on objectives.
These methods are, or at least seem to be, rather formalized, explicit and objective
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(insofar as they describe objects’ qualities). As a result, such methods mostly consist
of cognition science methods, ergonomics, and (complementary) interviews [Han07,
Jan16]. These interviews, in particular, seem to back up the other methods of model
generating and literary review. Interviews, however, are not a standard procedure only
within the humanities and social sciences. The sociological style of doing interviews,
however, is more elaborate in certain respects. This concerns several methodologi-
cal principles and guidelines, e.g., CA transcription (conversation analysis transcript
or CAT) [Sch73] or the several interview guideline revisions (whether it is open,
closed or structured) due to their pretesting results. From an engineering perspec-
tive, these methodological norms might seem very exaggerated. Furthermore, since
engineering assignments were met with less methodological effort when it comes to
using interviews for requirements engineering and testing purposes, one might be
tempted to agree with this assessment. However, we will give several arguments to
the effect that these efforts do, in fact, pay off scientifically and in terms of technol-
ogy development and design. Integrating social science researchers and social science
methodology enables a project to ground its work in a common understanding whose
quality satisfies all its epistemological and technical requirements and which is com-
mon because it has been established collaboratively. For example, it is possible to
ground the engineering of formal models, HMI and socio-scientific reflections on the
same empirical data, thus increasing the capacity for (and likelihood of) synergetic
exchange between different researchers and of the overall coherence within such a
project.

In the course of the project, we were able to accompany our engineering col-
leagues on requirements engineering visits, provide methodological consultation
and host data analysis sessions. We attempted to turn the methodological canon and
controversies of social science interview research into a toolbox equipped with a
heterogeneous set of devices, we assumed that the organizing principle of such a col-
lection of devices does not need to be rigor and coherence, but rather its usefulness.
It was designed to be useful for the common project of treating the various actors we
encountered (operators, managers, industrial researchers and, yes, ourselves) as part
of a ‘public’ as John Dewey understood it [Dew06]: as something that “‘cannot be
mastered by anyone but that can be represented, over and over again, by the social
sciences and the humanities” [Lat03]. This might also be identified as a Meadian
institution, for it addresses “situations which we admit are not realized but which
demand realization” [Mea23], thus are to be handled constantly in an infinite struggle
of methodological feedback. This toolbox—a collection of revisable how-tos, visits
and workshops—was the basis for our own substantial contribution to the overall
project (see Sect. 5 for a short reflection on this). It was also the basis for unpack-
ing a controversy dealing with claims of validity, epistemic authority and pragmatic
usefulness instead of just glossing over the differences between disciplinary cultures
by proposing a methods-based consensus.
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4 Social Theory Plug-ins

As partners in the project consortium, our task as STS researchers was not only to
encourage interdisciplinary research and help our engineering partners talk to actors
they encounter in the empirical context of industrial research and practice, but also to
provide recommendations on how to deal with the reconfiguration of sociotechnical
arrangements that are at the practical core of the transition from traditional to smart
production. Our recommendations for dealing with the reconfiguration of sociotech-
nical arrangements are prototypes because the work of our engineering partners, for
example, on the use of machine learning for semi-automatic alarm analysis or on
the prototype for a self-adapting HMI, are also proof-of-concept demonstrators and
prototypes rather than concrete implementations of a new version of a marketable
production facility. We explicitly used three social theory plug-ins: a relational and
procedural concept of agency based on pragmatism [Dew96, Mea03], social science
approaches to implicit knowledge based on practice theory [ColO1] and a concep-
tual framework for human-machine cooperation based on Actor-Network Theory
[Pas15]. They provided the ground for our design and training recommendations,
we used them to challenge and rework the mostly implicit, but sometimes also very
explicit, assumptions about work and automation, tacit knowledge, and HMI princi-
ples used for modeling and design by our engineering partners. As in the case of the
toolbox described above, these plug-ins served a double purpose for us: they are at
the same time provisional results of STS research in an engineering project as well
as ways of intervening in the daily work of engineering practice. In this way, they
open up already closed (and sometimes too quickly closed) debates about goals and
work packages and propose alternatives and collaboratively develop ways of dealing
with the changes in sociotechnical arrangements introduced by the project as a whole
[JenO1]. They are “lateral concepts” that enable “ontological experiments” [Gad16,
Jenl5].

One example of this approach is the following: By using these social theory plug-
ins, we argued, in design meetings and in comments on requirements and models,
that HMIs should not be regarded as one-way tools for monitoring and controlling
machines because operators will then be required to solve the (nearly impossible)
problems of translating their implicit knowledge into explicit machine instructions
and of mapping (standardized) HMI features onto (tacitly) known routines and pat-
terns of trained behaviour. On the contrary, we suggested that operators should at
least be able to organize themselves through the HMI and reflect upon the HMI’s role
in their practices in case of suboptimal operating processes. This is no mere rejection
of operator responsibility, which, since it plays a significant role in daily work should
still remain on the operator’s side. Rather, it enables a different way of accounting
for best practices, work-arounds, glitches and failures in any current and future HMI
design. However, operators do not just use HMI. Training can focus on supporting
operators to enhance themselves through the HMI, which will also help to resolve
responsibility and decision dilemmas in case an integrated decision support system
contradicts the operator’s intuition. We therefore suggested that operator trainings
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need to focus on three issues: a symmetrical approach to HMI that enhances human-
machine cooperation and adaptation in both directions, classifying incidences by
whether they require either implicit or explicit knowledge and managing their (and
other operators’) knowledge and experience through the HMI by giving feedback on
provided information and recommended interventions as well as by reporting and
storing their own knowledge and experiences. Social theory of knowledge in practice
and actor-networks can thus be used to organize information, classify incidences and
provide an analytic framework for further, recursive adaptations [Ber98].

5 Involvement and Intervention

The interdisciplinary approach we have presented here goes beyond the mere contri-
bution of extra-technological contexts like marketing, organization, policy, technol-
ogy assessment or ‘nice to have’ contemplations. To reflect on the implicit premises
of technological developments or on the societal meaning of their implementation
is usually regarded as a genuine and specifically sociological duty. While, from an
engineering point of view, such contemplation might rather appear as an ornament of
interdisciplinary projects, it is exactly what social scientists regard as their primary
obligation, thus those often harshly criticize colleagues who engage with instrumen-
tal, affirmative tasks in such interdisciplinary projects for doing so.

Butare ‘applied’ and reflexive social science approaches, after all, mutually exclu-
sive options [Hor02]? Collaborations between social scientists and engineers require
the social scientist, indeed, to get her- or himself into the technical, instrumental
setup of the engineering project—and that means, at least for the sake of coopera-
tion, accepting the project’s frame of reference and affirming the project’s cultural,
economic and organizational premises, established facts and assumptions. As aresult,
social science critiques are constrained by the explicit ends defined by the project,
and radical critique and reflections on the conditions of possibility of such social situ-
ations are rendered impossible. Although social scientists do not need to completely
narrow their perspectives, concerns, and issues regarding the project’s framework,
collaboration might yet compromise their capacities for social criticism. This is a
concern that causes many social scientists to reject ‘applied’ science scenarios of
social science. It is, of course, quite possible for social scientists to add subaltern
interests and critiques to the tenor of what is taken into account concerning techno-
logical design. For example, by reflecting on diversity and thus inspiring more inclu-
sive interfaces or devices (e.g., airbags positioned to consider physiognomic gender
disparities) or helping to design software that incorporates organizational responsi-
bility and accountability distributions or that helps to eliminate hierarchical tensions
(e.g., bi-directional communication or feedback loops instead of mere monitoring
and intervening). In this way, immediate problems are resolved, but the structural
sources of these problems remain intact and might even (re)appear in a hardened
form. After all, collaboration can also be a pejorative term, and it thus holds on to
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this residual connotation despite its recent popularity in terms of interdisciplinarity
[Niel4].

To conclude, is the integration of applied and critical social science designed
to fail? It is unquestionable that, however such integration is done, it can neither
avoid trade-offs (on the instrumental or critical side) nor replace proper, exclusive
social criticism. Nevertheless, interdisciplinary collaborations between social scien-
tists and engineers have two advantages: on the one hand, they offer a deep insight
into engineering cultures, in terms of engineers’ working culture and the cultural sig-
nificance of technological artifacts with respect to their demands and effects. On the
other hand, such collaborations enable social scientists to provide interdisciplinary
diplomacy, to mediate and offer consultation within their project and with regard to
its social context. Without forgetting about the aforementioned critique conundrum,
both features meet certain aspirations of social criticism: to get involved and be in
touch with social situations, to contribute tangible and actual (critical) interventions.
This avoids the separation of practical and intellectual work corresponding to social
segregation and stratification [Hor02]. Eventually, if “technology is society made
durable” [Lat90], the usual critical practice of watching and judging from afar is
more than unacceptable because the question of which society is made durable and
how is a never-ending, substantial concern. Interdisciplinary diplomacy is a way
to share and spread this concern within interdisciplinary collaborations and to start
working (together) on concrete alternatives.

References

[Ber98]  Berg, M. (1998). The politics of technology: On bringing social theory into technological
design. Science, Technology and Human Values, 23(4), 455-491.

[Buc94] Bucciarelli, L. L. (1994). Designing engineers. MIT Press.

[Col01]  Collins, H. M. (2001). What is tacit knowledge? In: Schatzki/Cetina/Savigny (Eds.), The
practice turn in contemporary theory (pp. 115-128).

[Dew96] Dewey, J. (1896) The reflex arc concept in psychology. Psychological Review 3, Amer-
ican Psychological Association, (pp. 357-370).

[Dew06] Dewey, J. (2006). The public and its problems. USA: Ohio University Press.

[Dit08]  Dittrich, Y., Ronkko, K., Eriksson, J., Hansson, C., & Lindeberg, O. (2008). Cooperative
method development. Empirical Software Engineering, 13(3), 231-260.

[Gadl6] Gad, C., & Jensen, C. B. (2016). Lateral concepts. Engaging Science, Technology, and
Society, 2, 3—-12.

[Han07] Hannay, J. E., Sjoberg, D. I. K., & Dyba, T. (2007). A systematic review of theory use in
software engineering experiments. [EEE Transactions on Software Engineering, 33(2),
87-107.

[Hor02] Horkheimer, M. (2002). Traditional and critical theory. In: Ibid: Critical theory. Contin-
uum (pp. 188-243).

[Jan16]  Jander, H., Borgvall, J., & Ramberg, R. (2016). Towards a methodological framework
for HMI readiness evaluation. Human Factors and Ergonomics, 56, 2349-2353.

[JenO1]  Jensen, C. B. (2001). CSCW design reconceptualised through science studies. Al &
Society, 15(3), 200-215.

[Jenl5]  Jensen, C.B., & Morita, A. (2015). Infrastructures as ontological experiments. Engaging
Science, Technology and Society, 1, 81-87.



Engineering Collaborative Social Science Toolkits 145

[Lat90]
[Lat03]
[Liul0Q]
[Mea23]
[Mea03]
[Mol08]

[Niel4]

[Pas15]

[Pas18]

[Pos15]

[Sch73]
[Torl1]

Latour, B. (1990). Technology is society made durable. The Sociological Review, 38(1),
103-131.

Latour, B. (2003). Is re-modernization occuring—And if so, how to prove it?: A com-
mentary on Ulrich Beck. Theory Culture and Society, 20(2), 35-48.

Liu, Y., Osvalder, A.-L., & Karlsson, M. A. (2010). Considering the importance of user
profiles in interface design. In: Matrai (Ed.), User interfaces (pp. 61-80). Intech.
Mead, G. H. (1923). Scientific method and the moral sciences. International Journal of
Ethics, 33, 229-247.

Mead, G. H. (1903). The definition of the psychical. Decennial Publications of the
University of Chicago, 3, 77-112.

Mol, A. (2008). The logic of care: Health and the problem of patient choice. London:
Routledge.

Niewohner, J. (2014). Perspektiven der Infrastrukturforschung: carefull, relational, kolo-
bariv. In Lengersdorf and Wieser (Eds.), Schliisselwerke der Science and Technology
Studies. Transcript (pp. 341-353).

Passoth, J.-H. (2015). Heterogenitét und die Hybriden: Die Unbestimmtheiten der Actor-
Network Theory. In Kron (Ed.), Hybride Sozialitit-Soziale Hybriditcit. Velbriick Wis-
senschaft (pp. 89-108).

Passoth, J.-H., & Miiller, P. (forthcoming). Socio-technical arrangements of smart factory
HMLI. In Schiiller and Niggemann (Eds.), SpringerOpen IMPROVE Special Issue. Berlin:
Springer.

Posada, J., Toro, C., & Barandiaran, I. (2015). Visual computing as a key enabling tech-
nology for Industrie 4.0 and industrial internet. IEEE Computer Graphics and Applica-
tions, 35(2), 26-40.

Schegloff, E. A., & Sacks, H. (1973). Opening up closings. Semiotica, 8, 289-327.
Tore, D., Prikladnicki, R., Ronkko, K., Reaman, C., & Sillito, J. (2011). Qualitative
research in software engineering. Empirical Software Engineering, 16(4), 425-429.



Part II1
Forms and Contexts of Deployment

Development projects of support technologies are more than any other form of
technology construction contingent on the early deployment of prototypes. This is,
as it were, the feedback that the technical systems give to the researchers and
developers—in addition to the feedback of the users and other stakeholders.
Prototypes then might grow into products or are supplanted by other prototypes. All
of them, however, get tested in specific environments and spawn insights about
components and materials suitable for an integration into the human worlds of life
and work.

Part III of this volume therefore presents various contexts and also possible
forms of deployment. “Forms” of deployment address the concrete engineering of
specific components that are pertinent for developing technologies and qualify for
an integration into human activities (e.g., soft robotics, wearable sensors, pneumatic
actuators). “Contexts” of deployment refer to the concrete domains of action and
communication in which relevant support systems are embedded, tested, and
optimized.

One major deployment context for support technologies is currently industrial
production. This part of the book therefore starts with a contribution of Robert
Weidner, Bernward Otten, Andreas Argubi-Wollesen, and Zhejun Yao who give an
overview of typical challenges of industrial work and how these can be met with
pertinent support systems. They discuss respective exoskeletal solutions that have
proved themselves in practice or seem promising for further development.

Subsequently, Yves-Simon Gloy gives a concise description of the development
of an augmented reality support system in the textile industry. He shows how
existing features of a weaving machine are combined with a support system
designed to detect errors and guide repair and with the necessary skills of the
worker to form an integrated support system.

Another highly significant and often discussed context of application for support
technologies are nursing homes and geriatric care. Jannis Hergesell and Arne
Maibaum have observed how the introduction of an assistance systems for care-
givers is accompanied by interests and differing interpretations of various
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stakeholders that do not simply match with the demands of elderly care.
Additionally, unintended effects must be recognized and managed in interaction
processes if the supposed support technology is to function flawlessly. Their con-
tribution presents also a meticulous account of a dynamic field of expectation
already alluded to in Part I of the book.

Construction sites are, to a certain extent, structured environments in which
craftsmen can profit from augmentation supporting their work and performance.
Kathrin Nuelle, Sabrina Bringeland, Svenja Tappe, Barbara Deml, and Tobias
Ortmaier present work on a particular head-mounted solution that enables crafts-
men to improve their drilling accuracy and to get a 3D image of the drillhole pattern
as a whole. The authors describe the system setup and how the real-world positions
can be transformed into the display. Finally, they evaluate their results in a study
with professional users.

It is commonly ignored or disregarded that support technology is mainly
introduced and implemented in organizational contexts. Nursing homes, industrial
plants, or craft enterprises differ in their purpose, but all have to deal with orga-
nizational issues. Daniel Houben, Annika Fohn, Mario Lohrer, Andrea Altepost,
Arash Rezaey, and Yves-Simon Gloy introduce a comprehensive heuristic that
enables developers of technology to assess how assistance/support systems affect
organizational processes. Two of the main conceptual tools that allow such an
analysis are the management of uncertainty and negotiated orders in organizations.

Support technology can also be used to develop other support technologies.
Gabriele Bleser, Bertram Taetz, and Paul Lukowicz do not consider a particular
context or domain of application but rather a form of deployment. Their area of
expertise is wearable sensor networks that are deployed to collect reliable in-field
data of activities and body movements. With painstaking attention to technical
detail, they present two forms of deploying wearable sensor networks: one for
gathering information about joint kinematics and one for activity recognition.

Agostino Stilli, Kaspar Althoefer, and Helge A. Wurdemann conclude this third
section of the book. Their contribution is concerned with soft robotics which is
generally considered as the course robotics should take to realize technical support
that people really want. Softening robots not only by programming but also by
utilizing soft materials, joints, and actuator principles allow robots to come closer to
humans in a safe way and to mimic the complex and smooth movements of organic
bodies. The authors tackle one of the main challenges of this research area: the
distinction between softness and stiffness. By getting biological inspiration from the
arms of an octopus, they work on the idea of fabric-based antagonistic stiffening
mechanisms and show how soft collaborating robots might be thus designed to
handle the soft/stiff distinction in a dynamic way.
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Abstract In industrial production, the construction industry, and in daily life, man-
ual activities will remain of central importance. The manifold environments and
tasks require the development of different support systems. The choice of a system
for a concrete application strongly depends on the context. In addition to (semi-)
automated solutions, wearable systems for physical support have been developed
in recent years. This chapter introduces needs, context-relevant requirements, and
exemplary systems for support in industrial production.

1 Introduction

Today, and also in future, human beings will continue to play an important role in
value chains—especially for tasks with high variety or complexity. The reasons are,
on the one hand, the unique intelligence and skills of humans, and on the other hand,
the high financial and technical costs of (semi-) automated solutions. Corresponding
tasks, such as the handling of tools and components, possibly used in aggravating
and non-ergonomic positions (e.g., at or above head level), can lead to high physical
loads. As a result, disorders and injuries of the musculoskeletal system might occur.
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In addition, challenges due to demographic change, such as the longer working lives
and the skills shortage, also demand for novel solutions to support the employees.

The just described initial situation defines starting points for a direct co-operation
of humans and technology in form of a wearable, technical system for physical
support or physical-cognitive relief. Correspondingly, hybrid system approaches,
e.g., the concept of Human Hybrid Robot (HHR) [Weil3a, Weil3b], are proposed in
order to be able to use the complementary and partly contrasted skills and abilities of
humans and technology and to synchronize them in time and space. This includes,
on the one hand, the cognition, sensory flexibility, and learning ability of the human
being, and on the other hand, the endurance, repeatability, and reliability of technical
systems.

In the following sections, typical activities in industrial production and the cor-
responding support demands are described. Then, context-relevant requirements are
identified regarding the users and the activities. Based on the requirements and the
Human Hybrid Robot (HHR) approach some wearable support systems for different
contexts are presented. Finally, the potential of those support systems is discussed.

2 Typical Activities

In all industrial sectors working contexts can be distinguished based on the move-
ment patterns of the activities. Although the working contexts differ in their specific
characteristics (e.g., loads to be moved, speed, and time), they represent comparable
physical actions. Widely used tools for risk assessment at the workplace, such as
the Key Indicator Method (KIM) [Ste07] or the OVAKO Working posture Analyz-
ing System (OWAS) [Bral7], provide an overview of the criteria by which manual
handling of loads can be differentiated. These activities are too numerous to be com-
pletely enumerated here. A selection of the most common activities and the stressed
body parts in those activities are summarized in Table 1. Specific and clearly distin-
guishable activities that occur repeatedly in manual production are, e.g., lifting and
carrying, pushing and pulling, and working at or above head level. Further activities
are bending the knee, bending the back, and kneeling. Work-specific activities can
consist of some of these activities as well as any combination of them.

3 Context-Relevant Requirements

Although wearable support systems (i.e., exoskeletons) tend to be universal technical
solutions, they have to be adapted individually to the context—especially to the
users and activities. The relevant requirements can differ significantly. Primarily,
the support system must allow all necessary movements of the user. This can be
achieved by proper coupling of structural elements over discrete degrees of freedom,
e.g., [Weil4, Ott16, Mey16]. In addition, it is possible to match the technical system
to the user’s motion via soft structural elements, e.g., [Weil6, Yaol7].
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Table 1. Overview of stressed body parts in the most common activities regarding the demands
on strength, movement dynamics, and range of motion
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Figure 1 summarizes the key requirements on exoskeletal systems in the overall
context.

Wearable systems for physical support usually have a serially coupled robotic
structure, which transfers excessive load from the stressed body parts to somewhere
else or supplies an external supporting force to the overloaded body parts. The serial
structure can be designed in two different ways: a biomechanically equivalent struc-
ture or an “end-effector” structure. In the case of a biomechanically equivalent struc-
ture, the attempt is to exactly mirror the kinematics of human motion and the human’s
ranges of motion for each degree of freedom, e.g., the position of the exoskeletal
arm follows the position of the human arm [Ott16]. In the other case, the “end-
effector” structure has a non-anthropomorphic architecture. Only the physical inter-
faces, which connect to the user’s body, follow exactly the position of the user’s body
[Weil4]. Gradations between these two ways of serial coupling are also possible,
e.g., [Meyl6].

movement patterns
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Fig. 1 Key requirements on exoskeletal systems



152 R. Weidner et al.

It is difficult to map all degrees of freedom of the human skeletal structure, espe-
cially at complex joints, like the shoulder joint whose rotation axes shift during the
movements. Moreover, the exoskeletal structure should be highly adjustable for dif-
ferent users due to the deviation of the different users’ bodies. This adjustability and
flexibility can be achieved by appropriate internal architecture or the selection of
suitable material.

Table 1 shows that not all body parts have the same stress level in each activ-
ity. Even the same body part does not need the same level of support for different
activities. In order to reduce the overloads on the targeted body parts, wearable sys-
tems with different supporting foci are needed. Moreover, depending on the strength,
movement dynamics, and range of motion required by the activity, different system
properties are needed. For instance, the working load determines the strength of the
support force and the movement dynamics required by the task determines the system
dynamics. In addition, the working duration and environment influences the choice
of the system’s power supply.

4 Exemplary Solutions for Different Contexts

Based on the described approach and the requirements mentioned above, this section
presents several exemplary support systems for manual tasks in industrial produc-
tion. These systems aim to reduce the overload of the employees and to improve
the ergonomic conditions at the workplace. They cover the most common manual
activities in industrial production and address the diverse stressed body parts.

Wearable Tool Holding System ‘“Jonny”

Figure 2a shows the support system “Jonny”, a passive support system designed for
handling heavy tools and components [Weil4]. It has an “end-effector” structure with
a tool attachment based on a Steady Cam mount and is exemplarily equipped with
a drilling end-effector. The structure distributes the weight of the drilling machine
to the torso and releases the upper extremities from overload. This improves the
working ergonomics and allows the wearer to work with heavy tools for a longer
time without distress. With a proper end-effector, different objects can be attached
to the support system. Moreover, functions for quality assurance can be integrated in
the end-effector. For example, the presented drilling end-effector contains functions
of level compensation with locking option and drilling depth control which ensure a
stable drilling with the desired depth.

Wearable System “Lucy” for Arm and Shoulder Support

The active support system “Lucy” is presented in Fig. 2b. It is especially designed
to make tasks at or above head level more comfortable and to reduce the probabil-
ity of musculo-skeletal disorders. The system supports the lifting of the wearer’s
arms against gravity by using pneumatic actuators [Ott16]. Thanks to the flexible
back structure and the biomechanically equivalent design of the system joints at the
shoulder, the user can move freely without discomfort. In order to realize an intu-
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Fig. 2 Exemplary support systems for different contexts

itive operation and a better user experience, the support force is regulated during the
motion and can be individually adapted to users and tasks.

Exoskeletal Spin for Back Support

Figure 2c shows one module of an exoskeletal spine, which aims to reduce stress and
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strain on the user’s back during manual tasks. The module consists of two connected
elements, attempting to replicate the connection of two vertebrae [Mey16]. The
two elements are connected in such a way that they move against each other on a
common circular path. The center of the circular path matches the rotational center of
the corresponding human vertebrae. Due to this mechanical behavior, the exoskeletal
spine is lengthened and thus follows the lengthening of the user’s back. The length of
the exoskeletal spin can be adjusted to different users by connecting a certain number
of elements in series.

Paper-Lamella Elements for Upper Body Support

A variant of the paper-lamella support system is presented in Fig. 2d. It is a garment
with integrated paper-lamella elements that consist of a chamber and several over-
lapping paper sheets inside the chamber. The stiffness and tension of the element
vary when the pressure inside the chamber changes. In this way, the paper-lamella
support technology can help to stabilize working posture. For different applications,
the element exists in three variants: with constant length, with flexible length, and
with a rotational degree of freedom. The elements can also be connected to each
other in various arrangements.

Muscle Glove for Hand and Wrist Support

The muscle glove illustrated in Fig. 2e aims to support people doing hand-intensive
activities by reducing muscle contraction force and time in a defined work-rest cycle
[Yaol7]. Based on a biomimetic design it attempts to replicate the salient features and
functionalities of the human hand in great detail. The muscle glove has a textile-based
soft structure which contains string, band, and a shape memory alloy (SMA) coil
actuator as artificial tendon, pulley, and muscle. Thanks to the soft and biomimetic
structure, it is inherently compatible with the human kinematics and can perform
natural hand movements. In addition, the miniature SMA coil actuator allows a
compact design suitable for most working space.

5 Discussion

Wearable support systems can be applied in various contexts to support, assist, or help
industrial workers. First of all, it is necessary to identify the effective and, above all,
goal-oriented entry point. One and the same technology can have different degrees
of impact in different application contexts, i.e., the same support system may be
very effective in one context but remain ineffective in another. The influence factors
contingent on the choice of a context-relevant support system are illustrated in Fig. 3.

The use of support technology is mainly driven by organizations (e.g., manufac-
turing companies and associations) or by employees for different purposes. These
purposes could be, for example, improving production quality and productivity as
well as improving ergonomic conditions. In order to improve the support systems
and their matching to the working context, a profound understanding of support
situations is necessary.
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Yves-Simon Gloy

Abstract Assistance systems for production machines have to fulfill several func-
tions depending on specific tasks and users. The overall purpose of the use of an
assistance system in production is to raise the efficiency of the production. In this
text, one approach for an assistance system for a weaving machine is presented.
Based on a systematic approach, a system is designed in order to facilitate the repair
of broken weft yarns. Using this approach an assistance system with a high general
user acceptance can be achieved. Furthermore, the use of assistance systems will
have an impact on the necessary qualification of operators in the weaving mills.

1 Motivation

Various approaches are being developed in the context of Industry 4.0. When looking
at jobs in production in the wake of this development, so-called assistance systems
become more and more important. Such assistance and support systems for produc-
tion machines should realize physical relief for an operator, provide guidance on how
to interact with a production machine, simplify the documentation, allow learning
during the process of work, protect workers against accidents, provide possibilities
for exchange between employees, adapt to the needs and previous knowledge of the
user, and increase the efficiency of a production machine (see Fig. 1).

With regard to the interaction with a production machine, an assistance system is
expected to support the user during maintenance, inspection and service, learning,
documentation, equipment of a machine, operation, optimization of, e.g., production
efficiency and energy consumption, as well as repair processes.
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Fig. 1 Assistance systems for production machines

From an engineering point of view, the ultimate goal of such assistance systems
is to increase the productivity of the production by extending the main usage time
and reducing downtime. In order to realize this, the system must always be adapted
to the user and the application.

In what follows, a realized assistance system for a weaving mill is presented.

2 Application

The presented assistance system supports the elimination of a weft breakage. This
task has the following steps:

1.
2.
3.

Remove remaining weft threads from the channel and reed.

Go to the creel and check the status of the spool.

When the bobbin is empty, replace the bobbin with a new one with yarn of the
same type.

If the bobbin is not empty, guide the yarn through the brake on the gate.

Feed the yarn to the feeder, press the yellow button there and use the compressed
air to feed the yarn into the feeder.

Activate the feeder by moving the yellow button on the side to collect sufficient
length of yarn on the drum. Make sure that the feeder remains switched on.
Take the insertion hook, which is located on the loom.

Guide the insertion hook through the balloon breaker.

Attach the yarn to the insertion hook and pull it through the balloon breaker.
Return the insertion hook.

Activate Manual Mode on the loom’s touch screen.

Select in the menu the corresponding channel of the weft insertion.
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13. Lead the thread to the beginning of the first main nozzle, activate the nozzle at
the terminal of the weaving machine and guide the thread into the nozzle with
the help of compressed air.

14. Lead the thread to the beginning of the second nozzle, activate the nozzle at the
terminal of the weaving machine and guide the thread into the nozzle with the
help of compressed air.

15. Remove possible thread remnants from the weft channel.

The assistance functionalities are integrated into the weaving machine or other
additional devices. The assistance system uses elements for monitoring and commu-
nication.

2.1 Monitoring System

The monitoring system is developed to detect the state of the weft insertion on an
OmniPlus 800 weaving machine of the company Picanol n.v., Ieper, Belgium. The
weaving machine is already equipped with a monitoring system, which is able to
detect weft defects and interrupt the weaving process. It is completely integrated into
the weaving machine and does not disturb its error-free run. Furthermore, it displays
error messages about weft breakage via a touch screen and stores information about
it in the logbook of the machine.

The integrated monitoring system of the loom fulfills all previously mentioned
functional requirements. In addition, even the non-functional requirements in terms
of speed, accuracy, and reliability are met. Therefore, this monitoring system is used
in the further development.

2.2 Communication System

The communication system is responsible for the data transfer between the inte-
grated monitoring system and the assistance system. In the current weaving machine
configuration, bidirectional communication between the weaving machine and a soft
programmable logic controller was realized (PLC) [Sag14, San12]. The loom is digi-
tally controlled (machine parameters can be stored in an internal memory). Therefore,
a PLC was used to read this data with an external computer via TCP/IP interface.

The communication between loom and external computer was realized by means
of hardware and software of the company iba AG, Fiirth, that is, a modular system
for the acquisition of measurement signals and a software for the processing of these
signals. Together, they form a PLC to enable bidirectional communication. Thus, the
loom parameters can be deciphered and changed on an external computer.



160 Y.-S. Gloy

Furthermore, an Object Linking and Embedding for Process Control (OPC) server
has been implemented to provide remote access to the machine. OPC is a software
interface standard that allows Windows programs to communicate with industrial
devices. By using an OPC server, mobile devices can access the loom, e.g., via
a web-based interface. Within the scope of this work the software Atvise of the
company CERTEC EDV GmbH, Eisenstadt, Austria is used to provide a real-time
and online display for a range of machine parameters. This can be addressed and
modified directly from mobile devices by taking the IP protocol of the browser of
the mobile device. In this form, the design of the communication system meets also
all pre-defined requirements.

2.3 Assistance System

The monitoring system recognizes the status of a critical event followed by an inter-
pretation. The interpretation is done by the machine. The machine has stored mean-
ings for signals in the data memory. If no error occurs, the web process continues.
Otherwise, an error is communicated to the weaving machine, which interrupts the
weaving process and contacts the assistance system.

The monitoring system communicates directly with the weaving machine and
exchanges information about the current status of the critical event. The weaving
machine communicates the status of the critical event to the assistance system and
to the operator via the human-machine interface of the weaving machine (touch
screens, signal lights). The assistance system provides information to the operator
via a mobile interface along with a series of hints based on augmented reality (AR).
The operator interacts with the assistance system via a menu and gives his consent
to start a repair process, see Figs. 2 and 3.

The programming is carried out in the Augmented Reality Experience Language
(AREL) of the company Metaio GmbH, Munich. Thus, a cross-platform software
for Android, iOS and Windows devices can be created. Platform independence is
achieved using standard web technologies such as HTMLS, Extensible Markup Lan-
guage (XML) and JavaScript. Therefore, programming in AREL shows similari-
ties to webdesign: Static XML files define the content and settings of the tracking;
JavaScript makes it possible to visualize AR scenarios in a web browser and HTML
and Cascading Style Sheet (CSS) allows display in web browsers.

Essentially, the elements text, 2D, and 3D content are realized. Text is mainly used
to communicate with the user and provides instructions for repair. The text is created
using HTML programming and adapted for aesthetic reasons with CSS commands.

2D images are needed in the interface layout or in the augmentation of the user’s
environment. Arrows, e.g., can be displayed in the interface to show the location
of the next machine element, or a label is projected onto elements so that they are
recognized more quickly by the user.
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Fig. 2 AR based assistance system for weaving machines
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Arrow to return to Pop-up message to Image of ID marker to find
previous tutorial step encourage tracking

Fig. 3 Tutorial view for detection of trackables [Lon15]
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3D content such as CAD models or 3D arrows or machine elements are used to
augment the user’s environment. To generate such 3D content, the software Autodesk
Inventor of the company Autodesk Inc., San Rafael, USA is used together with the
tool Blender of the company Blender Foundation NPO, Amsterdam, The Nether-
lands.

Figure 3 show the assistance for the elimination of a weft defect. The user is
guided by the necessary repair process on the loom. For this purpose, he receives
appropriate graphical information as to which work steps have to be performed and
in what sequence, so that the defect is remedied.

3 Discussion

The first effects of the use of such assistance systems can already be recognized. Since
the work content will change in part, more and more staff skills will be needed.
A learning-friendly design of the assistance systems would support the required
competence development. When employees internalize the process and machine
technology the risk of production stoppages and accidents at work will be reduced
[Wis18].

In general, the integration of assistance systems along the production chain can be
realized in every company. The assistance systems of the various process steps could
be exchanged via a corresponding communication platform. Such a communications
platform could also make it possible to establish communication between assistance
systems of various companies. The goal should be to find and use further potentials
to increase production efficiency through such an exchange of information.
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Interests and Side Effects )
in the Technicization of Geriatric Care e

Jannis Hergesell and Arne Maibaum

Abstract Technical assistance is currently being promoted in the field of elderly
care as a means of coping with the challenges of demographic change. Nursing is
one area where such technicization is taking place. The implementation of assistive
technologies in socially complex areas, such as nursing, requires integrating a wide
range of actors and their interests to make full use of technological potential. Apart
from their intended use, assistive technologies also produce non-intended effects.
The design of innovative technologies must take this into account to prevent the
technology from failing because of resistance and incompatibilities. This article uses
nursing assistance as an example of technical assistance systems for geriatric care
to discuss the social dimensions in relation to the desired technicization of nursing
care and the fundamental conflicts that characterise technology development and
implementation.

1 Needs, Potentials, and Problems of Assistive Technologies
for Geriatric Care

Unlike any other part of society, technical assistance is currently being promoted in
the elderly care sector. The driving force behind this is the challenge of demographic
change, which threatens the care of the elderly in two ways. First, a high increase
in the need for care is to be expected [Hirl4]. Second, shrinking working-age pop-
ulation suggests a decline in nursing staff, less care by family members, and fewer
contributors to social security systems [BPB11, Now13]. The ‘nursing crisis’, which
is being discussed today, poses a threat to an affordable, qualified, and ethically
acceptable level of care provision in the future.
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Previous attempts to solve these problems, such as reforms of care insurance or
recruitment campaigns for the nursing profession, have not shown the hoped-for
effect so far. They have been replaced by a new strategy to solve the problems of
elderly care: promotion of the development and implementation of technical assis-
tance (see [Alb15, pp. 347, Niel6, p. 27]). These sensor-based assistive technologies
are intended to increase the quality of life for the care receivers by supporting their
independence and creating security. The care givers should be relieved and supported
by the assistive technologies. In addition, the implementation of assistive technolo-
gies also promises the optimization of work organization and a general increase in the
efficiency of care work [Hiel5, Buh15, Kiih15]. In short, innovative assistive tech-
nologies address all the current problems of geriatric care and provide a promising
solution strategy for the future design of elderly under the conditions of demographic
change. Particularly political actors recognize the potential of these technologies and
actively promote them in research programs.

Despite these promises, the actual use of assistive technologies has so far been
relatively low. Often their use is even resisted. Only a few assistive technologies have
evolved from the phase of development and testing or are *market-ready’ [Weil5,
End16]. Care receivers and nursing staff often disapprove of new technologies. They
fear the ‘dehumanization’ of care. The question arises as to why there is such a great
discrepancy between potential and actual use of assistive technologies.

2 Conlflicting Patterns of Interpretation and Interests
in Everyday Care

On closer examination, it becomes clear that apparently shared objectives connected
with technicization are ambiguous or even contradictory. In consequence, there is a
lack of integration between the different logics of the actors involved.

In order to understand why there is a difference between the potential of assistive
technologies and the actual application in geriatric care, the perspectives of all actors
must be understood. For a better understanding of the complex social dimensions
involved in technologically assisted care, the knowledge and power relationships
of all the actors involved and the inscriptions of these into the technologies must
be fundamentally disclosed. This approach makes it possible to draw conclusions
about the social structures of elderly care, thus explaining the scant use of assistive
technologies to date.

Empirically, six relevant groups of actors can be identified: (1) nursing managers;
(2) nursing staff; (3) care receivers; (4) relatives and social environment; (5) tech-
nology developers and providers, as well as (6) social and health policy actors and
funders.

Various patterns of interpretation and perception can be assigned to these groups,
each with a distinct approach to the problems, which are to be solved by the tech-
nology. For the analysis, the patterns can be divided into two categories:
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Category one consists of the developers and providers of care technology (group
5), as well as the social and health policy actors and funders (group 6). This group
has a pattern of interpretation based on economic-instrumental criteria. They act in
the logic of increasing efficiency in the sense of a cost-benefit ratio (instrumentally
rational).

Category two comprises the professional nurses (group 2), nursing managers
(group 1), care receivers (group 3), and family members (group 4). They have inter-
nalized patterns of perception and interpretation guided by nurturing values. Nurtur-
ing values are oriented towards the greatest possible preservation of the autonomy
of the care receivers, the individual care, and professional nursing competence.

These patterns seem to have generally shared, problem-equivalent perceptions of
problems, for example, the constant lack of personal nursing and time resources. Nev-
ertheless, the different logics draw on completely different conceptions of problem-
solving strategies. In addition, these different groups have unequal chances to impose
their patterns on each other, which makes an understanding even more difficult.

3 Care Immanent and Economic Logics

Immanent nursing patterns of perception and interpretation include a humanistic
understanding of care, which provides technically correct medical as well as qualified
psychosocial care. From this perspective, everyday care should be designed towards
the individual needs of the care receivers. This care should go beyond the mere basic
care and guarantee quality of life in the sense of respecting the dignity of the care
receivers to maintain autonomy and offer participation in society. The conditions for
fulfilling these objectives are the deployment of highly qualified nurses and a work
organization that provides sufficient time resources.

In contrast, economic perceptions and interpretive patterns focus on the financial
feasibility, legal aspects, such as reimbursement of costs or compliance with official
standards, and effective work organization. The focus is less on the everyday care
situations, or the perception of the individual case, but rather on the economic han-
dling of resources in the care sector. These goals are to be achieved by an increase in
efficiency, that is, the most efficient use of the available resources and cost reduction
by avoiding care work deemed unnecessary.

4 Consequences and Side Effects of Failed Technology
Development

Different kinds of knowledge are reflected in the funding, development, and imple-
mentation of technological assistance. Often, an apparent semantic match of tech-
nicization goals is merely a lexical one. Although the same vocabulary is used, the
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relevant actors refer to fundamentally different meanings. For example, nurses seek
to preserve self-determination of the care receivers by focusing on psychosocial care
measures and aiding the care receivers in individual necessity fulfilment. To do so,
they expect technology to dispense them from non-core care tasks such as filing or
repetitive control chores.

In contrast, technology developers and political actors understand the benefits
from assistive technologies as the least disruptive possible intervention from the
caregivers in the lives of the care receivers. Autonomy in this logic should be guar-
anteed, preferably in ambulatory care, by controlling the physical security, which
substitutes physical presence of caregiver.

So, even if the carriers of the different knowledge stocks lexically use the same
notion of self-determination, they nevertheless aspire to very different objectives
of the technology application. Subsequently, since the funding, development, and
implementation is dominated by the technology developers and political actors, the
economic interpretation persists during the process, which results in inadvertently
writing their conceptions care into the assistance systems. Due to these rather invisible
power balances, it has not been possible to develop an assistive technology, which
corresponds to the interests of the caregivers and the care receivers despite the effort
of an integration of the positions.

The failing integration of the different interests can be illustrated by the empirical
example of an assistant during the night-watch in a nursing home for people liv-
ing with dementia. The typical problematic situation is that often only one nurse is
responsible for the well-being of more than twenty care receivers. Due to the demen-
tia induced shifted day-night rhythm of the residents, their status is often hard to
differentiate. To support the nurse, a sensor-based assistance system is introduced.
The assistance system uses motion detectors to alarm the nurse when a resident
has stood up or left the room. The intention is to guarantee an efficient protection
against falls, as well as to avoid disturbances of the inhabitants caused by nocturnal
inspections of the nurse. The nurse is relieved from insecurity and repetitive controls.

Unlike the projected outcome, however, it can be observed that the nurses continue
to control the rooms on an hourly basis. On the one hand, they perceive a high
responsibility for the care receivers and are not willing to cede this to an assistance
system. On the other hand, and more significantly, the nurses’ supervision is not just
limited to mere safety aspects. Controlling the care receivers is part of psychosocial
care especially to those with a shifted rhythm. It becomes an important task during the
night-watches. Consequently, the care receivers do not interpret the nurses’ controls
as a disturbance or as an infringement of their autonomy. Instead it is an integral part
of the nursing measure.

The result is that the actual goal of the assistance system, despite being designed
in accordance to enhance the self-determination by reducing the control cycles, is
neither achieved nor desired. The inherent concept inscribed into the technology, the
idea of relief, does not correspond with the care plans and the anticipated needs of
the nurses. Despite the lexical similarity we see a discord between the economic and
the nursing logic.
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This mutual limitation of economic and nursing logics is a structural characteristic
which has existed since the foundation of the nursing profession. Since this beginning
there has been a conflict between the economic and professional-ethical interests in
care resulting from a separation in the management and the everyday care work,
carried out by separate groups of people. Central problems regarding care, such as
the need for staff, the low social gratification of the nurses, the dominance of scientific
medicine against care, and the delayed professionalization are due to this separation
of the different logics.

The beginning of the technicization of nursing now runs the risk of continuing this
process and thus also consolidating the traditional misinterpretation and communi-
cation between the care-givers and the political actors. The basic discrepancy of the
different patterns of perception and interpretation, which are internalized by different
groups of actors during their (occupational) socialization, cannot be overcome by
dialogical strategies only. The risk of misinterpretation between the different cultures
remains persistent even when moderated by third parties, for example in participatory
technology development. Even if individual concepts such as increasing efficiency
and quality of life seem to be consensual, this is true only on a lexical, but not on a
semantic level.

5 Integration of Knowledge by Participatory Technology
Development

Assistive technologies have implications for the social structures of care beyond their
intended benefits. These side effects are often latent and can only be demonstrated
empirically by long-term studies. Even today, however, development tendencies can
be seen. It can be observed that the technologies used so far are those that draw
on an increase of efficiency. Increase in efficiency relies on standardization and
selection of reasonable and not reasonable care measures, whereas reasonable often
means economically reasonable. In consequence, technologies are unintentionally
produced to rely less on traditional, care-intrinsic knowledge, like, for example, the
psychosocial aspect of night-watch control visits to dementia patients. In the long
term this could lead to a deprofessionalization of the nurses. Nursing competence
might be replaced by standard operational procedures during the introduction of the
technology.

In order to reduce the great discrepancy between the potential of assistive tech-
nology systems and their currently limited use in nursing homes in the future, the
different interests of the involved actors have to be recognized and integrated. This
requires an informed reconstruction of the field’s evolved actor constellation as well
as careful attention to the implicit balance of power within this actor constellation.
Only in this way is it possible to recognize the latent power structures and to coun-
teract them when necessary. In the case of nursing care, this might possibly mean
a stronger involvement of the nursing staff in the development process. This inte-
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gration, however, has to go beyond a purely dialogical participation process. For
example, nursing staff could be involved in the planning stage of technology devel-
opment. In this way, a political emancipation of the nurses on the administrative level
seems possible and might allow the development of integrated assistive technology

systems.
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Mobile Augmented Reality System )
for Craftsmen e

Kathrin Nuelle, Sabrina Bringeland, Svenja Tappe, Barbara Deml
and Tobias Ortmaier

Abstract A mobile augmented reality system for visual guidance of craftsmen is
presented. The integrated pico-projector displays constructional information within
the workers field of vision. It displays borehole locations in correct world pose and
helps workers aligning a drill perpendicular to a wall. To create assisting images using
coordinate transformation, rtab-SLAM and camera-projector calibration determine
the relative pose between the environment and the projector. To evaluate the systems
usability, a user study was performed on drill aligning. It proves that the system
increases task performance speed, improving accuracy in horizontal movements but
indifferent in vertical movements compared to unassisted performances.

1 Introduction

The number of automated tasks raises continuously in many industrial working fields,
aiming to improve work efficiency and reduce work load. On constructional sites,
this is difficult to realize because of considerably changing environmental conditions
and customized tasks. However, assistance of craftsmen is possible with respect to
repetitive activities, e.g., transport of heavy loads as well as measuring and marking
targets.

Augmented reality (AR) is a solution for visual assistance in structured envi-
ronments. Its virtual information is shown pose correct in real world [Azu97]. By
comparing constructional map information with the working setup, a correct display
of borehole locations enables successful drilling without damaging wires and pipes
underneath plaster. When working without an assistance, craftsmen need much more
concentration, time, and effort to fulfill these tasks accurately. Errors can result in pro-
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found implications and need to be avoided. AR applications need to track the line of
sightin order to display virtual 3D information on head mounted or handheld displays
as well as stationary displays or projectors [Kre10]. Many planar projection surfaces
exist in construction sites and usually 2D images are used for instructions. There-
fore, a line of sight tracking is not necessary, making it a suitable environment for
projector base AR. Stationary solutions as in workshops or operation room [Dos16,
Wul4] as well as mobile solutions with external tracking system [Gav12, Kob10]
are impracticable because of the chancing environment. The presented system solves
this problem by self-localization using feature-based simultaneous localization and
mapping (SLAM) [Fre10]. Therefore, no extra equipment is needed for assistance.

2 System Design and Accuracy Evaluation

For the outlined necessary support for craftsmen in their daily routine, a visually assis-
tive system is proposed, supporting two tasks. First, it displays borehole positions
in correct world locations. Second, it helps the worker to align a drill perpendicular
to a wall. In this section, methods used to build and to evaluate the AR system are
presented. In addition, the achievable accuracy is obtained.

2.1 System Setup

For displaying additional information to workers, the proposed prototype, see Fig. 1,
consists of two main devices: a Microsoft Kinect One® and the laser projector
Picopro from Celluon. The Kinect owns a 1080 p rgb camera and a 512 x 424
infrared depth camera with a maximal framerate of 30 Hz. The projector resolu-
tion is 1280 x 720 p, digitally upscaled to 1920 x 720 p. ROS is used as software
framework handling communication between the components and software modules.

2.2 Visualization of Borehole Positions and Drill Orientation

To visualize borehole positions correctly, the relative orientation and position
between the constructional map and the projector is needed. A two-camera calibra-
tion [Wiel5] is performed between the Kinects rgb and depth camera with a planar
calibration pattern to determine the extrinsic, intrinsic and distortional parameters.
Additional plane-based projector calibration [FalO8] is realized with respect to the
kinects rgb camera. As a result, the extrinsic parameters are stored in transformation
matrix PTceR** and the intrinsic projector parameters in P'7peR3**, converting
projector coordinates into projector image pixel. A feature-based SLAM approach is
used to determine the system’s world coordinates. In the first step, the room is scanned
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Fig. 1 Prototype of the augmented reality system (left), system setup, and relevant coordinate
frames (right)

by the worker running the real-time appearance-based (rtab) SLAM [Lab14] in map-
ping mode to create a point cloud of the environment. When the system is turned on,
it initializes the point cloud coordinate frame (CF) at its current pose. A standard-
ized rule mark on the wall defines the world coordinate frame (CF)y. Its location is
known in the constructional map and all information is defined in reference to this
frame. To detect it in camera coordinates, template matching on the canny filtered
2D image is used. Point based registration of the corresponding points of the cloud
with the map results in the transformation matrix ©'T'y from world to cloud to finish
the initialization process.

While working with the system, rtab-SLAM is changed into tracking mode. The
transformation matrix ©°T ¢ is set when the system localizes itself in the recorded
cloud. With respect to (CF)¢ o, the tracking information is stored in ©T'¢ . Trans-
forming a 3D position y,x = (x,y,z, )T with homogenous addition in world
coordinates into projector image coordinates can be achieved by:

@ P ="To T T o' T Twwyx ="Twyx with ppp =5 - (v, )"

where s is the scale factor, the introduced transformation matrixes are multiplied.
The x and y components of ;) p are divided by the z component in order to obtain
the correct position u and v of the borehole in pixel. It is shown as reticle in the
projection image to display boreholes in correct locations.

To specify the drill orientation, a IMU MTi-G-710 GNSS from XSens and
an Aruco AR Marker are placed on the drilling machine. The AR coordinate
frame is then defined by a printed marker board on the wall. The marker x-axis

AR = (Px: Py pZ)T is parallel to the drill and taken from the transformation



172 K. Nuelle et al.

matrix (CT AR)ACT Marker D€twWeen board and marker using OpenCV functions for
marker detection. Its projection to the wall is transformed in (CF)p; by:

= T
P =" T TcCT v (px. py. 0.0) .

Again, a division by the z component of ) p determines the pixel coordinates u
and v. The orientation is drawn as triangle with the tip at a specified position (uq, vo)
and the middle of the base at (¢ + u, vy + v). The tracking is continued using the
fused IMU orientation, when the markers are not detected in the camera image. To
achieve that, the last valid matrix €T sr is used and multiplied by *RT iy of the
current internal fused and offset-free IMU orientation (no translation is assumed).

2.3 Accuracy Evaluation

To evaluate the achievable accuracy of the system, two tests are performed. The
first investigates the localization accuracy and the second examines the projection
accuracy. A stepwise evaluation procedure is taken to identify error sources. The
initial localization within the map is not analyzed because of missing ground truth
data.

To evaluate the SLAM tracking accuracy, the system is moved along a known
path by a KUKA LBR iiwa 7 R800 with a precision of 0.1 mm, comparing position
measurements. While SLAM is running, the robot moves 200 mm along its base axis,
stops and returns to its initial pose. This process is repeated for each axis, followed
by 90° rotations around each axis. The rotation around the x-axis is only 35° because
of robot singularities. Each robot motion takes 30 s and consists of nine segments,
identified by a stop of the robot after each translational and rotational movement.
The distance accuracy between the known robot position and the measure SLAM
position is calculated after each stop, neglecting the orientation. In all measurements,
the tracking is lost due to an insufficient number of features in the camera image when
rotating around the horizontal axis and, therefore, capturing the laboratory ceiling.
This results in a significant position offset after the system relocalizes. Therefore,
rtab-SLAM achieves mean (M) error of 1.0 mm with standard deviation (SD) of
2.3 mm in translational movements but M = 48.0 mm, SD = 4.2 mm error in
rotations, resulting in a mean distance error over 27 measurements of M = 15.1 mm,
SD =22.1 mm.

A projection error results from inaccuracy in system calibration. To evaluate this
error, the system localizes itself via AR marker tracking in the camera image ©T g
instead of SLAM, allowing to exclude the previously determined errors. A new
world reference is set by a printed AR marker board (CF) s, with four markers in
the corners and an empty space in the middle. The system projects another marker
board within a square of 10 cm with four corner points 4z, p; around the center of
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(CF) pr. For visualization, these points are transformed into projector coordinates
by:

Pl4 Py K
enPi = T Tk Tarar)Pi-

The projected marker board is affine transformed to fitinto ,g, p;, ideally forming
a perfect square. For marker tracking, an adaptive filtered camera image is needed
because white parts of printed board have the same intensity as black parts of pro-
jected markers. Calibration errors as well as AR marker tracking errors result in
displacement and incorrect orientation of the projected marker board with respect
to the reference marker board. The projection error is determined by calculating the
reprojection error of the projected marker and transforming it in AR coordinates.
In 19 measurements the projection error is M = 8.0 mm, SD = 4.7 mm and the
orientation error accounts for M = 1.6°, SD = 1.0°.

3 User Evaluation

To evaluate the system’s visual presentation of the drilling orientation, 20 volunteers
(M = 30.45, SD = 6.09 years of age) with professional experience in the handling
of drilling machines are introduced to the system. They repeat two simulated drilling
activities once with and once without visual guidance evaluating the support in align-
ing a drill. Thereby, the following two were studied:

(a) The visual system appears to have difficulties in perceiving the spatial orien-
tation of two objects correctly. Thereby, especially oblique angles are often
not estimated precisely [Orn07]. For this reason, it is expected that the drilling
machine with the visual assistance is adjusted straighter and faster into the final
position. In addition, the orientation should be more orthogonally.

(b) Further, it is assumed that the mental workload is reduced by the use of the
assistance system as, it is no longer afforded to judge depth information or to
process the angles of the objects.

In preparation of the study, ten black colored boreholes were painted on a white
wall, as the system accuracy of drill hole projection needs to be improved for rota-
tional movements before evaluating it in a user study, see Fig. 2. The boreholes
were arranged in two rows with a vertical distance of 10 cm. Each row consists of
5 marks with a horizontal distance of 10 cm to each other. The drilling machine
was equipped with a gyroscope (Aukru MPU-6050-Module) and a pressure sensor
(SunFounder Button Module) on the activation button of the machine to assess the
users’ handling behavior. Both sensors were calibrated and synchronized to each
other. The gyroscope was used to track the horizontal and vertical angles between
the drilling machine and the boreholes on the wall independently of the IMU and
AR marker tracking. The pressure sensor triggered the start and the end time of
the drilling activity. After having completed both tasks the participants were asked
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Fig. 2 Sketched set up of
the user study
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to fill out the NASA Task Load Index (NASA-TLX) questionnaire [Har88] to rate
their mental workload as well as the User Experience Questionnaire (UEQ) [Lau0S].
The UEQ assesses both task-related, pragmatic quality aspects (Perspicuity, Effi-
ciency, Dependability) and not task-related, hedonic quality features (Stimulation,
Originality) of products.

In the user study, it turned out that the horizontal angles between the drilling
machine and the boreholes do not differ significantly with regard to the final position
irrespective of whether the AR system has been used or not (T = 58, p = 0.08, r =
—0.39). Although it is to be mentioned that, the mean horizontal angle was lower
M = 1.85° SD = 0.93°) when working without visual guidance compared to the
visual guidance condition (M = 1.23°, SD = 0.74°). For the mean vertical angle a
significant effect can be reported, whereby significantly lower values (T = 161, p =
0.04, r = 0.47) are to be observed with visual guidance (M = 1.36°, SD = 1.37°)
than without guidance (M = 2.3°, SD = 2.24°). When working with the AR-system,
the participants need more time (T = 35, p = 0.01, r = —0.58) for each borehole
M =5.15,SD = 1.43 s) compared to the condition without guidance (M = 4.45 s,
SD = 1.20 s). Furthermore, the subjective workload ratings (NASA-TLX) do not
differ significantly between both conditions (T = 100, p = 0.84, r = 0.40). Despite
of this, the augmented reality system is rated positively along all six scales of the
UEQ, see Fig. 3.
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4 Discussion

A mobile AR system is presented for projecting drill holes in correct position on a
wall and, additionally, helping craftsmen to align a drill perpendicular to a wall. It
operates with internal sensors only and was developed as module for an exoskeleton
[Bril6] to enable haptic and visual guidance but can be used as standalone device. The
system accuracy, user acceptance and usability of the assistance system is evaluated.

The location accuracy depends mainly on the number of features in the environ-
ment. The rtab-SLLAM achieves high accuracy in translations, but rotating movements
are tracked with less precision. The high rotational error mainly occurs in low feature
environment and results from inaccurate relocation after lost tracking. The fusion of
feature and depth-based SLAM might solve this problem. The projection rate depends
on the frame rate of the Kinect (30 Hz), but it also includes a noticeable delay caused
by data processing. Fast camera movements result in disturbing jumping motions of
drill hole positions. When adding an IMU to the system, camera pose and imu data
can be fused by integrating acceleration data twice and updating with the camera
pose in a Kalman filter to smooth jumping movements.

In the user study, the boreholes were located below the shoulder heights, the
participants forcing them to look downwards to observe the drilling machine. Due
to this perspective of view, the vertical angle may be more difficult to estimate
than the horizontal angle. Thus, it may be reasonable that the participants used
the visual guidance primarily for the vertical positioning of drilling machine. As the
augmentation was displayed above the boreholes several comparing gaze movements
between the augmentation and the drilling machine were needed; this may have
caused longer positioning times. The additional information from the visual guidance
did not cause a higher variability in the movements to the boreholes. According to
that, the augmentation system is not leading to any additional distractions influencing
the movement of the drilling machine as well as the experiences workload by the
participants. Furthermore, the duration of the complete task has to be considered in
the analysis of the subjective ratings. The tasks may be too short to cause all possible
implications which occur using the system in areal working environment with regular
working times. To sum up, the visual guidance improves the vertical positioning
accuracy. The location of the augmentation should be close to the borehole in order
to reduce the increased gaze times.

Acknowledgements This research received funding by the Federal Ministry of Education and
Research of Germany (BMBF 16SV6175).



176

K. Nuelle et al.

References

[Azu97]

[Bril6]

[Dos16]

[Fal08]

[Fre10]

[Gav12]

[Har88]

[Kob10]

[Krel0]

[Labl4]

[Lau08]

[Orn07]

[Sch14]

[Wiel5]

[Wul4]

Azuma, R. (1997). A Survey of Augmented Reality. Presence: Teleoperators and Virtual
Environments, 6, 355-385.

Bringeland, S., Heine, T., Hoffmann, M., Stein, T., & Deml, B. (2016). Ergonomis-
che Evaluation eines Handwerker-Kraftassistenzsystems, Arbeit in komplexen Syste-
men—Digital, vernetzt, human?!. Tagungsband 62. Friihjahrskongress der Gesellschaft
fiir Arbeitswissenschaft. GFA Press, Dortmund.

Doshi, A., Smith, R., Thomas, B. H., & Bouras, C. (2016). Use of projector based
augmented reality to improve manual spot-welding precision and accuracy for automotive
manufacturing. Advanced Manufacturing Technology, 1-15.

Falcao, G., Hurtos, N., & Massich, J. (2008). Plane-based calibration of a projector-
camera system. VIBOT Master, 1-12.

Frese, U., Wagner, R., & Rofer, T. (2010). A SLAM Overview from a User’s Perspective.
KI - Kiinstliche Intelligenz, 24, 191-198, 2010.

Gavaghan, K., Anderegg, S., Peterhans, M., Oliveira-Santos, T., & Weber, S. (2012).
Augmented reality image overlay projection for image guided open liver ablation of
metastatic liver cancer. Lecture Notes in Computer Science: Augmented Environments
for Computer-Assisted Interventions 7264 (pp. 36—46). Berlin, Heidelberg: Springer.
Hart, S. G., & Staveland, L. E. (1988). Development of NASA-TLX (Task load index).
Results of empirical and theoretical research. Human mental workload (Advances in
psychology) (Vol. 52, pp. 139-183). Elsevier.

Kobler, J.-P., Hussong, A., & Ortmaier, T. (2010). Mini-Projektor basierte Aug-
mented Reality fiir medizinische Anwendungen. Tagungsband der 9. Jahrestagung der
Deutschen Gesellschaft fiir Computer- und Roboterassistierte Chirurgie e.V. (CURAC),
(pp. 115-118).

Van Krevelen, D., & Poelman, R. (2010). A Survey of Augmented Reality Technologies.
Applications and Limitations. The International Journal of Virtual Reality, 9, 1-20.
Labbé, M., & Michaud, F. (2014). Online global loop closure detection for large-scale
multi-session graph-based SLAM. In Proceedings of the IEEE/RSJ International Con-
ference on Intelligent Robots and Systems, (pp. 2661-2666).

Laugwitz, B., Held, T., & Schrepp, M. (2008). Construction and evaluation of a user
experience questionnaire. In A. Holzinger (Ed.), Proceedings of USAB’08 (pp. 63-76).
Berlin, Heidelberg, Springer.

Ornkloo, H., & von Hofsten, C. (2007). Fitting objects into holes. On the development
of spatial cognition skills. Developmental psychology, 43(2), 404—416.

Schrepp, M., Hinderks, A., & Thomaschewski, J. (2014). Applying the user experience
questionnaire (UEQ) in different evaluation scenarios. In A. Marcus (Ed.), Design, user
experience, and usability. Theories, methods, and tools for designing the user experience.
DUXU. Lecture Notes in Computer Science 8517. Cham: Springer.

Wiedemeyer, T. (2015) IAI Kinect2. https://github.com/code-iai/iai_kinect2. Institute for
Artificial Intelligence, University Bremen. Accessed June 12, 2015.

Wu, J., Wang, M., Liu, K., Hu, M., & Lee, P. (2014) Real-time advanced spinal surgery via
visible patient model and augmented reality system. Computer Methods and Programs
in Biomedicine, 113, 869-881.


https://github.com/code-iai/iai_kinect2

Comprehensive Heuristic for Research m
on Assistance Systems in Organizational L
Contexts

Daniel Houben, Annika Fohn, Mario Lohrer, Andrea Altepost,
Arash Rezaey and Yves-Simon Gloy

Abstract In this paper, we develop heuristics to examine social and organizational
factors which influence the success of the introduction of assistive systems in orga-
nizational contexts. To this end, we draw on the theory of negotiated order and the
approach of zones of uncertainty and apply them to socio-technical arrangements.
We present the heuristics on the basis of some qualitative interviews. Finally, we
discuss the potential of our heuristics for research on assistive systems in general.

1 Introduction

Whenever new technologies make their way into the workplace, questions regarding
the composition of (technical) work and its (re-)structuring and organization in soci-
ety are raised anew. Digitization—usually understood as the use of interconnected,
partly intelligent, assistive or self-controlling tools—is currently discussed as such
a new challenge and oftentimes referred to as a “new technology revolution” which
follows directly from the previous advances made on the basis of information and
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communication technologies [Kuh14, p. 123]. In that respect, Industrie 4.0 seems to
be on everyone’s lips and addresses the progressive digitization and socio-technical
integration of communication, organization, and work in modern industrial produc-
tion at various levels. From a technical point of view, this involves the increasing
integration of all or almost all parts of the production process and the integration of
information systems and complex information resources into a consistent digital form
of information [Boe96, p. 110]. Industrial digitization must thus be understood as a
socio-technical process of the dissemination, production and use of digital technolo-
gies in completely different sectors of public and private sector organizations, which
is closely connected to economic and social orders, and in particular the change of
post-Fordist forms of production [Nac15].

It is not certain, however, whether we are dealing with a significant new leap
in technization or with a simple continuation and intensification of existing tech-
nology in which information has become the essential core element of production
[Boel6, p. 34]. Paradoxically, though, it is not easy to make a realistic assessment
of digitization in the workplace. On the one hand, it is undisputed that the exponen-
tial increase in the performance of computational capacities has led to far-reaching
changes both in private life and work [Hou17]. On the other hand, we are faced with a
multitude of exaggerated expectations and politically bolstered narratives like Indus-
trie 4.0. In the course of this process, for instance, new interrelationships between
technical and social structuring have been propagated and a substantial reorganiza-
tion of well-established socio-economic configurations, organizational and network
structures are promised almost universally. However, the exact nature of these new
interdependencies is usually quite uncertain, therefore, analyses range from stress-
ing comprehensive decentralization and democratization potentials to warnings of
strong centralization and power struggles [Kit14].

What do we know about those developments and how can the state of current
research be summarized? Many recent studies on the technological advancement of
work have focused on questions of standardization, precarization, subjectivization,
intensification, flexibilization, and delimitation [Tril1, p.609], which are discussed
under the keywords Industrie 4.0 and crowdwork [Hirl5]. Mostly, it is assumed that
the above-mentioned trends will continue to intensify [Boel4], in particular that the
requirements for personal responsibility, self-regulation and self-management will
increase significantly due to more complex interfaces, manifold feedback processes,
increasing interaction and acceleration of production processes [Kuhl14, p.123f.].
Concerning the subject of work, there was hope that industrial automation and digi-
tization would lead to a “post-capitalist” society [Mas16, Srnl5]. In terms of orga-
nization, new technologies were often regarded as an essential prerequisite for flat
hierarchies [Sat15]. On the other hand, the omnipresence of digital sensor technolo-
gies in production was interpreted as a revitalization of classical Taylorism and a
radicalization of surveillance [Zub15, Mey17].

As we suggest, a comprehensive approach to the study of digitization and particu-
larly to the implementation of assistive systems within organizational contexts must
take into account the process-like nature of technological development and the com-
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plexity of application contexts instead of focusing on the mere functional promises
of an alleged “next technological revolution”.

Organizational research has shown that formal processes of change, such as a top-
down implementation of digitization, always correspond to an informal substructure
in the company social order. Both are in permanent development and related to each
other, although initially only the formal part is directly visible [Mey77]. Hence, the
introduction of assistance systems to industrial production processes is also likely to
stir up socio-technical structures on a firm level in a way that so far only could be
researched insufficiently. Additionally, as brought forward by Science and Technol-
ogy Studies (STS), social and sometimes even political programmatics are inscribed
into technology and socio-technical routines [Baul7]. However, there is continuing
controversy over how these political qualities actually develop in specific organi-
zation contexts. In this respect, we stress the need to investigate the micro-political
contingency of digital assistance on the firm level. Hence, in what follows we develop
an analytical heuristic to tend to these social and organizational aspects.

2 Context: Challenges of the German Textile Industry

Our theoretical approach is grounded on the notion that social and micro-political
mechanisms are no less important to the implementation of assistance systems than
the objective technological aspects—regardless of whether the introduction of assis-
tance systems involves strong or incremental alterations to the industrial processes
in question. To discuss social factors in the introduction of production assistance
systems, in this essay, we object to the ontological assumption that social order is
inherently stable. Instead, socio-technical systems are considered a dynamic out-
come of continuous social interactions that consolidate or challenge given socially
negotiated orders. To highlight that fact and to develop a corresponding heuristic,
we employ Strauss’s concept of negotiated order and the micro-political perspective
of zones of uncertainty elaborated by Crozier and Friedberg.

2.1 Negotiated Socio-Technical Order

The theory of negotiated order rejects that social orders—and by extension industrial
companies or organizations in general—are to be seen as largely passive and thus
stable contexts for technological developments and therefore only need to be con-
sidered as analytically secondary at best. Instead, we follow Strauss’s [Str78] and
Fine’s [Fin84] suggestions that what we commonly conceive as order and stability
are in fact highly contingent social outcomes themselves. Corresponding to its roots
in symbolic interactionism, the central premise of the theory of negotiated order is
that institutions and social order must constantly be created, maintained, and repro-
duced by social interaction. From this point of view, social structures are created
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through exchanges and negotiations between actors who in turn create and inhabit
a social context [Fin84]. The theory of negotiated order thus differs distinctly from
theoretical perspectives based on the stability or inertia of social systems. It consid-
ers disturbances in any given social or organizational context, such as a change of
personnel, progress in technology, or alterations in work routines as triggers for rene-
gotiation or re-evaluation of that very social or organizational context. In extreme
cases those changes can be disruptive and might even lead to the creation of a new
social or organizational order [Str63, p.167].

To harness the potential of these universal insights for the analysis of technological
change, such as the introduction of an assistance system into existing work routines,
we propose to expand the meaning of social order to socio-technical order in which
technological development is co-determined by social interaction and technical fac-
tors that jointly build the social, i.e., organizational structure [Lab12, Dok12].

Due to its contextual focus and its emphasis on social interaction the theory of
negotiated order is well suited for the study of social dynamics in firms. In this
respect, firms are complex socio-technical contexts that are ultimately influenced by
employees as well as their institutional and organizational environment such as other
companies, influential external stakeholders, regulatory authorities and, of course,
technological trends [Sco08]. A theory that analytically approaches both stability
and change in organizations should therefore be able to take different types of actors
into account and specify what contextual characteristics influence the relevant social
interactions in the respective organization. Hence, our approach suggests a model of
social or organizational order that is maintained by a recursive relationship between
the given structural context, the specific context of the concrete negotiations and other
relevant social interactions, and the results of that interaction which feed back into
the situational organizational context. Put differently, by addressing those aspects
the theory of negotiated order provides a conceptual framework that allows us to
identify the specific conditions for socio-technical change in communities of practice
[Wen00]. The challenge for researchers who analyze a specific context, such as socio-
technical communities within organizations, is to find out which specific conditions
in this structural context influence social interactions and how to explain those.
To begin with, the structural context can be identified as the broader institutional
conditions under which negotiations take place [Str78, p.98]. This normally includes
the respective industry, the legal and regulatory environment, important ideological
debates, the predominant culture and authority relationships in the respective industry
or field of expertise. Consequently, the structural context is always the background
of the specific situational negotiating context. The latter is therefore a subset of the
observable characteristics of the broader structural context that take an effect on
social interactions and their results [Dok12].

Strauss defines contextual conditions as those contextual properties which pro-
vide a legitimate frame of reference in a given social interaction: First, contextual
conditions define the types of actors who interact within a negotiating context and
the relationships between them. Consequently, second, contextual conditions have
a causal impact on social interactions and their outcomes. Third, contextual condi-
tions can impart the causal effect of another contextual condition on the interaction
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results [Str78]. Hence, contextual conditions that have causal or mediating effects
influence social interactions as they suggest or conclude agreements, form coali-
tions, identify and formulate issues, examine possible solutions, and consequently
result in interactions that either reinforce or challenge the existing socio-technical
order. Moreover, interaction results are fed back into the structural context and affect
the negotiation context [Dok12, Str63, p. 165]. For example, ongoing interactions
between individuals lead to a constant development and change of the network of
relationships between individuals, regardless of whether there is a radical change
in the larger socio-technical order or not. Thus, the results of the interactions are
also incorporated into the larger organizational structure. Whereas processes that
reinforce the existing socio-technical order normally fosters stability, e.g., incremen-
tal changes that are on the established technological path, processes that challenge
the socio-technical order can disrupt existing organizational structures and induce
technological development [Becl1, Dok12]. In summary, the theory of negotiated
order provides a general framework that researchers can use to examine the overall
organizational conditions and social processes that challenge or strengthen a given
socio-technical order and by that are relevant to the implementation success of new
technologies.

2.2 Zones of Uncertainty

Whereas the theory of negotiated order concentrates on the social, organizational, and
by extension technological contexts it lacks a comprehensive guideline to the concrete
ways and forms of negotiations and their underlying formal and, even more intriguing,
informal organizational power structures. Crozier and Friedberg addressed informal
power processes within formal corporate structures with the idea of the zones of
uncertainty [Cro79].

This concept is based on the initially paradoxical realization that organizational
structures and rules create uncertainty and interdependencies. Under a closer look,
social power exhibits a certain inherent dialectic since the power of person A stems
from the degree of reliance person B feels towards person A. Organizational control
is hence a function of the degree of ignorance, uncertainty and interdependency in a
situational context. To put it simply: The more the work output of person A, say a blue-
collar mechanic, is dependent on the work and devotion of person B, say a system
administrator, and simultaneously cannot be controlled by Person A, the more power
does person B have over person A. Hence, within any collaborative technological
innovation resides the potential to shift the operational balance within any given work
context. By inducing new of the forms, i.e., zones of uncertainty, new technologies
potentially shake the distribution of power resources within a firm and eventually also
between different companies [Fri92]. As a theoretical concept, zones of uncertainty
thus offer a tool to account for the dynamic power relations and the negotiations they
induce. Therefore, in order to regulate and control their workforce, firms need to
manipulate the zones of uncertainty relevant to their production processes. Crozier
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and Friedberg point out that the principles of order of organizational substructures
include those power resources that stem from the mastery of particular zones of
uncertainty—for example, from the ability to program digital processes in a given
value-added chain as a result of qualifications or inclinations. To this end, Crozier
and Friedberg identify four fundamental sources of power in organizations and four
distinct types of uncertainty zones: firstly, expertise, mastery of specific knowledge
and functional specialization; secondly, relations between organizations and their
environment; thirdly, information and communication flows; and fourthly, general
organizational rules [Cro79].

We assume that the diffusion of principles of Industrie 4.0 will inevitably give
rise to previously largely unknown standards and new working contexts. Hence, if
the introduction of new technologies has the potential to alter and re-organize the
existing socio-technical order of work in a given industry, it necessarily creates zone
of uncertainty which will rattle well-established conventions and work routines, as
well as existing employee networks and other work-related demands [Frel13]. Even
previous forms of internal cooperation as well as cross-company cooperation would
be subject to profound changes, so that the devaluation of stable processes, struc-
tures, and resources can be examined as a growing number of zones of uncertainty.
Consequently, it must be assumed that digitization and the introduction of assistive
systems will not simply reproduce but interfere with former industrial organizational
structures [Hou18]. Moreover, with Crozier and Friedberg [Cro79], socio-technical
zones of uncertainty are induced by digitalization or the implementation of assistive
systems would affect many levels of organizational life, namely in transformations
of organizational culture, work processes and power relations. In this respect, one
important facet of the digitization of work that has only been scarcely researched
so far can be found in the changing relationship between workplace formality and
informality [Grol5]. Here, new informal [technical] knowledge coupled with the
practical forms and resources of social power of a given firm’s employees might
interfere with the previously legitimate operational processes and dominant social
structures.

2.3 Interim Conclusion: The Need for a Participatory
Development of Technology

Against this theoretical backdrop that highlights the contingency of socio-technical
orders and offers perspectives to identify hidden power relations, we propose that
the effectiveness of an assistance system in organizational contexts not only depends
on aspects of concrete technological advancement but also on the question of how
the firms and their staff, work cooperatively with a particular technology and on how
that technology affects their relationship dynamics. Analytically, it is therefore of
vital importance to overcome a technological determinism which claims that inno-
vation is determined solely by the characteristics of the technology itself. Instead,
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it should have become evident that the path of technological development is to a
high degree determined socially by the interactions between the workers that form
a socio-technological community [Haul4, Wen00]. This premise of an ontological
dynamic of socio-technical arrangements, which has already been explained above,
has several implications for technology research and the participatory development
of new technologies: In the process of challenging and negotiating details of a given
assistive system that will eventually impose changes to organizational processes,
staff members, stakeholders and other relevant experts might take on the opportunity
to challenge the predominant socio-technical order and these challenges could trig-
ger a wider transformation on the organization or even industry level. Thus, social
interactions within a technological community have the potential to lead to either
more sustainable or radical changes in a given socio-technical order.

3 Understanding the Organizational Base for Assistant
Technology in the Textile Industry—Preliminary Results

To set off this idea of participatory development of assistive systems in the German
textile industry, an interdisciplinary team of researchers, consisting of specialists
from engineering, sociology and education sciences in order to conduct the project
“SozioTex—New socio-technical systems in the textile industry”, granted by the
Federal Ministry of Education and research. The project aims at the development
and implementation of a digital assistance system for weaving mills, which sup-
ports workers heterogeneous in age, gender, qualification and cultural background
in adapting to varying contexts and scenarios concerning Industrie 4.0. By accel-
erating and simplifying learning and performance, for example, conducting a warp
beam change, the research group expects a growth of productivity of around 30%.
In order to provide the transfer to further applications and industrial sectors, a main
result of “SozioTex” will be the design of a generic procedure model for assistive
systems for weaving mills which might serve as a model to enhance the efficiency
of industrial production processes in general. The prospective users, managers and
employees of three weaving mills in Germany, participated in requirement analysis
and design from the very beginning of the project, for example, by taking part in
workshops, surveys and group discussions. This participative approach in systems
design permits to make use of the expertise of the employees and to gain a better
solution. Furthermore, without involving the future users in the design process, the
acceptance of technical systems and corresponding organizational arrangements is
at risk [Alt17].

In February 2017, a qualitative study in the form of guideline-supported inter-
views was carried out as part of SozioTex. The organizational conditions of small
and medium-sized enterprises in the German textile industry were investigated based
on three reference weaving mills in North Rhine-Westphalia. Human resources man-
agers and employees at the higher management level were interviewed about the
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organizational structures, the degree of automization and the digitization and data
fostering tendencies in operational practice. The preliminary findings are presented
in the following paragraphs. Yet, to gain a more comprehensive view of the entire
organization and to be able to make specific statements, the shop floor levels should
also be the object of investigation in the future.

3.1 On the Way to Industrie 4.0—Expectations,
Uncertainties, and Limitations

Since the wider development of the industry sets important guidelines, the perception
of their respective field by the firms allows for an idea of the wider organizational
context. In our interviews, the respondents did not yet see themselves fully committed
to Industrie 4.0, but they believed that from a development towards Industrie 4.0
the more problematic production processes that for example pose health risks to
employees as well as routine tasks could be automated in the future. They also
articulated the hope that employees might have more time for creative tasks. In
addition, it was stated that the expansion to Industrie 4.0 could lead to better quality
assurance and create benefit for the customer. However, when asked what exactly
Industrie 4.0, or rather a weaving mill 4.0 might be, the interviewees could not
verbalize it. Nevertheless, the expansion of cooperation with machine manufacturers
was classified as a necessity, since opening up the scope of possibilities was regarded
as the only way Industrie 4.0 could be implemented in reality. In addition, with
regard to the recruitment of junior staff, job attractiveness could be increased by
digitization and automization leading to easier work and technological gimmicks
that address a new young target group and make the weaving industry attractive
again [W2_MA_Ol].

The prevailing uncertainty towards the upcoming technological—and by that
organizational—changes is represented by the statement that the small and medium-
sized enterprises we interviewed felt that they have still enough to do with Industrie
3.0. Therefore, they are currently concentrating their automation efforts on advancing
paperless work and on improving interface designs. The transfer and storage of data
and, in particular, of process information, have the highest priority on their agenda,
though. Respondents especially saw potential in automating the machine allocation
process, for example, or in digitizing orders, production instructions and routines.
The visualization of work processes and the use of RFID tags and barcodes are cur-
rently the highest level of development of weaving technology 4.0. In addition, the
connection to the Internet of Things and the move towards highly digitized weaving
mills is still in its infancy.
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3.2 Communication Tools and the Ambivalence of Digital
Assistance

Communication and interaction are at the heart of any socio-technical order. There-
fore, the way in which the use of assistance systems might influence the communica-
tion patterns at work is crucial. In the weaving industry, traditional communication
is particularly difficult due to the enormous strains caused by high decibel levels.
Since employees need to protect their hearing they are particularly restricted in their
intra-organizational acoustic communication abilities. Precisely for this reason, there
is great potential for the development of digital assistance tools, which improve the
production process, communication and general interaction between employees. Yet,
the digitization of internal company communications creates both advantages and
disadvantages for employees and thus may have an ambivalent effect, for it closes
zones of uncertainty but at the same time may create a panopticon, i.e., a system of
permanent probation [BoeOS8]. Digital technologies—more than analogue technolo-
gies—offer opportunities of intervention and require an ergonomic design as well as
an exceptionally active adoption by the user [Pau05], which takes place in an inter-
play of formal structures and processes with informal practice on the one hand and
on the basis of institutionally assigned or informally accumulated power resources
on the other hand [Hou17]. Even highly qualified employees who are exposed to new
technologies at work are also confronted with new experiences of uncertainty and
oftentimes fear to become replaceable [Boe16]. Since industrial processes are highly
dependent on power relations and the specific organizational practices of employees,
formal and informal processes in the digitized company interact with each other in
a complex fashion [Fun08].

3.3 Practical, Implicit, and Informal Knowledge

Specific features of the machinery or certain parameters of the production process as
well as information on the respective skills of the workforce are mostly memorized
in form of practical, implicit and informal knowledge by employees. However, these
forms of knowledge are of the utmost relevance for entrepreneurial success. An aging
workforce and the demission of knowledge into retirement will cause severe prob-
lems not only for the companies but for the whole industry as well. The possibilities
for organizational innovations and space for maneuver in digitization are limited by
the necessity of permanent presence of employees. The machines set the pace in
the weaving mills and the workplace can only be left out of sight to a very limited
extent. In this case, it is necessary to look for automation possibilities together with
the employees in a participatory approach. Consequently, the storage, processing,
and use of organizational data and its use in corresponding contexts will become one
of the central tasks for the future. Here, like in the development of assistance in com-
munication (Sect. 3.2), there are corresponding zones of uncertainty and imbalances
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in power relations because the management is not aware what kind of knowledge
should be institutionalized and transferred in order to increase the firm’s success
[Alt17].

3.4 Negotiation Configurations

Further uncertainties can be found concerning the questions how to implement new
technologies and which actors should participate in the process. For instance, the
role of the trade unions still seems to be an unresolved issue, since the possibilities
of digitization and automization in the working context are only partially accessible
and at the same time conceivable for the interviewees. What the respondents are
already aware of at this stage, however, is that within the scope of changes leading
up to Industrie 4.0, data volumes are being produced which terms of use will have to
be clarified in the future. Particularly in this context, it is essential to involve estab-
lished work councils at an early stage, even if personal data are not recorded. In the
interviews, it is criticized that “safety requirements for machines [...] are increasing
even more” and “laws are being tightened even more tightly”. All in all, structural
deficits are identified, which hinder a smooth implementation. Therefore, hope is
placed among politics to create more a more suitable legal framework in the future
[W2_MA_01]. In addition to that, the interviewees were of the opinion that when
it comes to implementing technical innovations “the initiative must be taken by the
superiors” [W2_MA_01]. However, implementation processes of technical systems
that are initiated top-down could also lead, for example, to employees refusing to
accept a top-down assistance system. This would result in a changeover in the balance
of power on an organizational level, so that the employees could reject imposed sup-
port out of protest and thus exercise power over the management level. They would
argue that the management level was anxious to increase efficiency and reduce costs
rather than to improve the work situation for their employees.

4 Conclusion

Our preliminary results show that the reference to the concepts of negotiated order and
zones of uncertainty provide insights which should prove useful to the development
and design of socio-technical assistance systems. Based on the premise that the
employees have both informal problem-solving skills in dealing with the implicit
zones of uncertainty induced by the introduction of assistance systems and are able
to identify important issues regarding current and future challenges, their informal
knowledge and skills can be reconstructed empirically in the further course of our
project. This knowledge then must be employed to stress their ability to connect with
established manufacturing work and the knowledge of organizational problems built
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up within it. However, we are well aware that we have only presented a first layout
which will have to be worked out in the future.

In this way, the research interest is directed both at informal knowledge about the
digital manufacturing process based on the actors’ respective operational practice
and at the possibilities of a reciprocal knowledge transfer between the relevant actor
groups. This approach should enable us to gain a more complete view on poten-
tials and risks of assistance systems in the textile industry, i.e., on design options
and the need for regulation. Informal knowledge is mainly about the knowledge of
operational processes which is anchored in the hands-on experience of the personnel
and which can be used to identify actual options or risks of deployment of digital
assistance systems. In particular, the knowledge of the techniques used in everyday
production is to a high degree practical, implicit and informal, therefore it may not
necessarily be cognitively retrievable and by that it is hard to pass on to colleagues
or to transform into digitized programs.

Further, it can be assumed that the issues we discussed for the design of working
arrangements will remain relevant for a successful implementation of any assistive
system in any organizational context. This calls for empirical research on the practical
implementation of assistance systems, their technical form, and their organizational
contexts as well as individual coping especially with regard to the related zones of
uncertainty for both employees and employers.

Finally, we want to use this insight to encourage all stakeholders to reflect on the
contextual conditions and potential challenges to existing socio-technical orders of
assistance systems not only in the textile industry. The framework presented here is
also intended as a contribution to a new transdisciplinary research paradigm that helps
technological progress to meet social, organizational, economic and technological
challenges. In this respect, we hope that the heuristics and preliminary results outlined
in this paper will contribute to an interdisciplinary dialogue and play their part in
creating assistance systems that people really want and need [Weil5, Karl7].
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Human Motion Capturing and Activity )
Recognition Using Wearable Sensor L
Networks

Gabriele Bleser, Bertram Taetz and Paul Lukowicz

Abstract Wearable sensor networks enable human motion capture and activity
recognition in-field. This technology found widespread use in many areas, where
location independent information gathering is useful, e.g., in healthcare and sports,
workflow analysis, human-computer-interaction, robotics, and entertainment. Two
major approaches for deriving information from wearable sensor networks are in
focus here: the model-based estimation of 3D joint kinematics based on networks of
inertial measurement units (IMUs) and the activity recognition based on multimodal
body sensor networks using machine learning algorithms. The characteristics, work-
ing principles, challenges, potentials, and target applications of these two approaches
are described individually and in synergy.

1 Introduction

In the nineties cheap motion sensors together with low power, compact wireless
processing and communication capabilities started becoming available. This led to
the idea of using such sensors for in-field (also called “in the wild”) capture of human
motion in terms of 3D kinematics [Pic17] and recognition of general human activity
[Sch99, Bao04]. Driven by continuous cost, size, power consumption reduction,
and integration into accessories and smart textiles [Zhel4], this technology found
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widespread use in many areas, where “in vivo” information gathering is important.
This ranges from healthcare and sports [Shul4, Won15, Chel6, Men16, Ios16] over
industrial ergonomics and workflow analysis [Vigl3, Wonl5, Blel5a] to human-
computer-interaction and robotics, e.g., [Tag14], to name some prominent examples.

On an abstract level two general approaches can be identified for deriving differ-
ent types of information from wearable sensor networks [Lop16]. The first approach
focuses on the estimation of 3D joint kinematics, which in essence amounts to the cap-
ture of the poses (orientations, positions), (angular) velocities, and (angular) acceler-
ations of each relevant body part (body segments or joints). Here, the goal is to enable
personalized biomechanical analyzes outside the lab and at relatively low cost, but
with comparable accuracy to laboratory-based gold standard systems (e.g., [Sut02]).
This approach generally relies on inertial measurement units (IMUs) in combina-
tion with model-based sensor fusion algorithms, e.g., [Miel6]. It uses physical and
biomechanical models and is independent of training data. State of the art methods
typically require one IMU on each body segment that should be captured. In other
words, the price for an exact motion estimation (which is suitable for biomechanical
analyzes) is the need for a potentially large number of sensors, and possibly strict
placement and attachment constraints may need to be observed.

The second approach abstracts from the capture of exact body motions and focuses
on using machine learning techniques to build statistical models of relevant activities
based on signals from fewer sensors, in particular sensors placed on fewer (often just
one) body locations. Here, lesser accuracy and level of detail, dependence on training
data, and a “black box” statistical character of the model are the price that has to be
paid for a less obtrusive, easier to deploy system. While IMUs also play an important
role in this approach, they are often complemented by other sensors ranging from
microphones over textile stretch sensors, capacitive body sensors, pressure sensors
and ultrasonic sensors to eye trackers and wearable cameras [Shul4, Won15, Blel5a,
Pap17].

The following sections describe the individual working principles, challenges,
and potential applications of these two approaches, then their existing and potential
synergies on method and application level. Finally, different aspects of how the
technology can be beneficially used in the context of support systems are summarized.

2 IMU Based 3D Kinematics Estimation

2.1 Working Principles

In the area of IMU based kinematics estimation the motions of a person are approx-
imated through the motion of a pre-known biomechanical model that is driven by
noisy and biased IMU measurements (angular velocities, accelerations, mostly also
magnetic fields) through a stochastic sensor fusion algorithm. This is in contrast to
optical gold standard systems, e.g., [Sut02], where the 3D positions of reflective
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markers precisely placed on anatomical landmarks are measured directly and joint
centers and angles are geometrically derived from these [Lea0O7].

The biomechanical model typically consists of rigid segments, approximating the
human bones. These are connected through joints that can optionally be constrained
regarding their degrees of freedom (DoF). Besides a personalized biomechanical
model (e.g., in terms of segment lengths), the reconstruction of biomechanically
valuable joint kinematics data requires knowledge about the relative transforma-
tions between IMU and segment coordinate systems, the so-called IMU-to-segment
calibrations. Figure 1 illustrates the above-mentioned aspects.

A sensor fusion algorithm here denotes a combination of a set of stochastic equa-
tions to describe the estimation problem, often called a state-space model, and an
estimation method to solve this problem. The state-space model defines (1) the vari-

Fig.1 Lower body 3D kinematics estimation. Left: setup with seven IMUs on feet, lower and
upper legs, and pelvis as well as reflective markers according to Leardini et al. [Lea07]. Right:
Biomechanical model of the lower body with connected segments (magenta lines), joint centers (red
spheres), four contact points on each foot (green spheres), IMU placement, and involved coordinate
frames. A technical coordinate system is associated to each IMU (I). The segment coordinate
systems (S) are drawn at the proximal ends of the segments. The six degrees of freedom (DoF)
transformations, each in terms of an orientation (quaternion) g5 and a translation I3, between the
IMU coordinate frames and the associated segment coordinate frames are called IMU-to-segment
calibrations. One such calibration is shown at the right thigh. The symbol G denotes the global
coordinate system. The figures have been taken from [Ble17, Miel7]
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Fig. 2 Illustration of an extended Kalman filter (upper row) and a sliding-window optimization
(lower row) based solution to IMU based kinematics estimation of an upper limb. On the right
side, a general state-space formulation with motion and measurement models for the prediction
and correction step of a recursive filter, as well as, a weighted least squares cost function with hard
constraints for batchwize numerical optimization are indicated

ables (states) of interest, i.e., the segment kinematics or joint angles, (2) the evo-
lution of these variables over time (motion models), i.e. difference equations based
on assumptions on how the human body moves, (3) how the measurements relate to
these variables (measurement models), i.e., forward kinematic equations that relate
the motion of the biomechanical model to the IMU measurements. This informa-
tion is often combined with further constraints from the biomechanical model, such
as limited joint DoFs and ranges of motion to restrict the solution space. For IMU
based kinematics estimation the resulting estimation problem is nonlinear. Methods
to solve this problem (based on noisy data and uncertain assumptions) typically utilize
Bayesian inference, where a nonlinear maximum a posteriori estimate can be found
in multiple ways [Thr05, Gus12], e.g., via an extended Kalman filter (EKF), which
works based on a predictor-corrector scheme, or via sliding-window/moving hori-
zon (nonlinear weighted least squares) optimization, to name two (online-capable)
approaches. Figure 2 illustrates these two approaches.

2.2 Challenges and Solution Approaches

IMU based pose estimation typically suffers from integration drift. This is caused
by integrating the noisy and biased gyroscope measurements to obtain orientation
changes and by using this for gravity-compensating the accelerometer measurements,
which are then double integrated to obtain position changes [Kok16]. Orientation drift
is often compensated for by additionally using magnetometers. These provide valu-
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able orientation information in the case of a homogeneous magnetic field. However,
the assumption concerning the global magnetic field is often violated, particularly in
indoor environments [Lig16]. Therefore, recent research addressed the development
of new sensor fusion methods, which can work without using magnetometer informa-
tion; e.g., Miezal et al. [Mie16] showed that a combination of a redundant biomechan-
ical model definition with biomechanical and kinematic constraints accounted for
in an optimization-based state estimation method show lower orientation drift and
higher biomechanical model error tolerance compared to the more classical kine-
matic chain and EKF based sensor fusion method. It was also shown that pairwise
kinematic constraints can reduce drift at the joints, e.g., [Wenl5, Fas17]. To obtain
long-term stable global heading orientation estimation (i.e., transversal plane rota-
tion), additional sensors (e.g., cameras [Ble09]) or scenario-dependent assumptions
(e.g., areset pose or walking on a straight line) can be exploited.

Translation drift can be reduced through so-called zero velocity updates at sta-
tionary points on the biomechanical model, a well-known concept from the field
of Pedestrian Dead-Reckoning [Har13]; e.g., in [Miel7] a probabilistic kinematics-
based ground contact estimation method using four contact points on an anatomically
motivated foot model (see Fig. 1) was proposed and in [Ble17] it was integrated with
different sensor fusion methods. The results show significant drift reduction for dif-
ferent types of locomotion, such as walking, running, and jumping. To obtain long-
term stable global translation estimation, again, additional sensors, such as cameras
[B1e09], ultrawideband or global positioning system (GPS) [Holl1, Kok15], can
be used. Another area of research addresses methods for obtaining valid and reli-
able IMU-to-segment calibration parameters (see Fig. 1). State-of-the-art procedures
are based on the user performing predefined static poses or functional movements,
which make such a system less easy to use and can favor human-induced errors (cf.
[Boul5]). An emerging field of research are self-calibration methods, which deter-
mine the calibration parameters from sensor measurements without prior knowledge
or assumptions about the performed movements, e.g., [Seel4] proposes a method
for two linked segments and [Tae16] proposes a promising proof-of-principle for an
online-capable calibration correction and segment kinematics estimation method for
the lower limbs.

2.3 Potential Applications

IMU based 3D kinematics estimation enables the reconstruction of individual move-
ment patterns and biomechanically interpretable data (such as joint ranges of motion,
trajectories of joints or other anatomical landmarks, segment orientations, spatiotem-
poral locomotion parameters) in-field. This ability is useful for different application
areas. Some popular examples together with the parameters of interest are summa-
rized in the following:
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e Clinical movement analysis [Che 16, Ble17]. In numerous areas of medicine, quan-
titative movement analysis, e.g., gait analysis, has proven effective in supporting
assessments, diagnoses, and therapies. Here, a lightweight and easy-to-use wear-
able measurement system could support functional diagnostics and valid follow-up
and documentation in everyday clinical practice.

e Rehabilitation exercises [Ble13, Lam15]. Exploiting the online processing capa-
bilities of IMU based 3D kinematics estimation, this can also be used to promote
and support self-training by providing direct feedback to patients on the movement
quality. This is often combined with game-based features to increase motivation
(e.g., [Gorl7, Stel7]).

e Sports [Wonl15, Men16]. In-field capturing capabilities are of particular interest
in the area of sports. Here, IMU based 3D kinematics estimation can be used e.g.,
for analyzing and improving athletic performance (cf. [Reel6] for an analysis
of running kinematics during a marathon) or for investigating and treating sport-
specific injuries (e.g., assessing leg axis stability after an anterior cruciate ligament
injury [Chel6]).

e Workflow analysis and assistance. In this area, IMU based 3D kinematics esti-
mation can be used for different purposes, e.g., for: (1) designing and raising the
awareness for ergonomically safe workflows (see [Vigl3] for an IMU based sys-
tem providing real-time ergonomic feedback on hazardous postures), (2) providing
user monitoring as ingredient for building an intelligent workflow assistance sys-
tem [Blel5a], (3) providing kinematic information to control wearable assistive
devices, e.g., exoskeletons to support overhead work.

Other application areas for IMU based 3D kinematics estimation, which are only
shortly mentioned here, are entertainment (e.g., gesture-based game control, anima-
tion of virtual characters) and robotics (e.g., teleoperation).

3 Human Activity Recognition Based on Multimodal Body
Sensor Networks

3.1 Motivation

Moving away from the notion of having the exact trajectory of each body part as
starting point for activity analysis is justified by three considerations. First, many
activities have a distinct motion signature that can be detected even by a single sensor
at various body locations. As an example, consider step detection. On the one hand
the tracking of the trajectory of at least upper and lower legs is needed for exact step
analysis. On the other hand, the up and down motion associated with each step and the
shock of the foot hitting the ground produces a distinct acceleration signature that can
be easily detected at nearly all body locations (this is how commercial step counters
work). Second, for many activities there are important sources of information beyond
the tracking of body parts kinematics. As an example, consider grasping an object
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and putting it on the table. The grasping motion of the fingers, including an estimation
of the force, can be derived from the activity of the muscles in the lower arm which
in terms can be sensed using electromyography (EMG), capacitive sensing, or textile
pressure sensing matrices. In addition, putting the object on the table often produces
a characteristic sound which can be detected with a body worn microphone. Given
the above additional sensing modalities a rough estimate of the overall arm motion
that can be derived from a single wrist worn IMU may be sufficient in terms of
motion information. Third, there are many activities where body motions (at least in
terms of limbs trajectories), are more or less irrelevant. A good example are cognition
dominated activities such as reading, watching a movie, or having a conversation.
In addition to obvious sources of information such as audio and first-person video,
head motion patterns and eye tracking have been shown to be the key sources of
information to distinguish such activities [Ish14].

3.2 Abstract Motion Signatures

As an example of an abstract motion signature the acceleration signal produced by a
sensor in a trouser side pocket when the user is walking up and down stairs is shown
in Fig. 3. A close inspection shows that there is obvious structure in the data which
can be mapped onto features of human steps. We have one part corresponding to the
leg being put forward and one for the leg being pulled from behind. In the walking
downstairs case we have sharp peaks corresponding to the impact of the foot on the
lower step. In the walking up signal soft peaks caused by the lifting and straightening
of the leg can be seen. There are three main approaches for the automatic analysis
of such signals.

First, abstract features such as mean, variance, root mean square (RMS), and
frequency distribution can be computed on a sliding window with a length corre-
sponding to the time scale of the underlying activity. In the case of step analysis this
corresponds to around one second (typical step frequency). The features are then
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Fig. 3 Signals from an acceleration sensor worn by a person in a trouser side pocket while taking
two steps up (left) and down (right) the stairs
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fed into statistical classifiers such as Support Vector Machines (SVMs) or neural
networks for the recognition of the underlying activities. For simple tasks such as
modes of locomotion recognition (walking, running, walking up/down stairs etc.)
such a simple approach is often sufficient.

Second, probabilistic time series modeling methods can be applied to better cap-
ture the temporal characteristics of the activity in question. Traditionally, Hidden
Markov Models [Moj12, Dav16] (HMMs) have been widely used for wearable activ-
ity recognition. Related methods are Conditional Random Fields or various other
variations of Dynamic Bayesian Networks (of which HMMs are just a special case).
In most cases a separate model is trained for each activity. For recognition each of the
trained models are applied to the signal and the one producing the highest probability
is selected (which means the corresponding class is recognized). Such models have
been used for the recognition of manipulative gestures (picking objects up, operat-
ing tools, eating, drinking etc.) from wrist/arm worn motion sensors, which are, in
general, harder to separate than modes of locomotion [Jun08§].

Third, template matching methods such as Dynamic Time Warping (DTW) can be
applied to detect characteristic signal parts [Phal0]. To this end an “average” signal
is computed from a large number of examples for each class. For recognition the
class whose template is the best match is selected.

3.3 Combination of Abstract Motion and Other Information

When abstract motion signatures fail to provide sufficient discriminative power addi-
tional sensing modalities can help. For many activities sound is a very rich source of
information. A good example is the use of tools such as a hammer, screwdriver, saw,
drill etc. in a wood workshop task [War06]. The respective motions can be quite sub-
tle and difficult to detect in a continuous stream of data. However, the activities have
very distinct sounds associated with them. In general, frequency transformations on
windows anywhere between 100 ms and 1 s followed by either linear discriminant
analysis (LDA), principle component analysis (PCA) or computation of standard
frequency domain features such as frequency centroid, bandwidth, spectral rolloff
frequency, band energy ratio or cepstral coefficients are used. As shown in Fig. 4
differential sound intensity analysis can also be used to localize the sound’s source
with respect to the user or even different body parts. Examples of other relevant
sensors that have been used in multimodal activity recognition are:

e Muscle activity [Ogr07, Amf06, Che12] monitoring using force sensitive resistors,
textile pressure mats or capacitive sensors. The basic idea is that muscle activity
leads to shape changes on the surface of the corresponding body part. At the same
time looking at muscle activity can provide information that may be difficult to
access using direct motion sensors such as IMUs. Thus, the motion of fingers and
the palm is driven by muscles in the lower arm where sensors can be mounted
much more easily than on the fingers themselves.
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Fig. 4 Augmenting the recognition of wood workshop activities through sound processing [War06].
Top: using sound intensity difference between a microphone on the wrist and on the chest to identify
sounds that originate close to the hand (e.g., from a machine that a hand is operating). Bottom left:
Using linear discriminant analysis (LDA) of the frequency distribution to discriminate between the
sounds of different tools. Bottom right: The overall recognition architecture

e Body sound. Many processes going on inside the human body create sounds that
can be detected with appropriate wearable microphones. Examples range from
muscle and joint motion through breathing, heartbeat and coughing to chewing
and swallowing. Thus, for example an ear worn microphone can reliably detect
chewing including the distinction between different types of food [Amf05].

e Hand tracking using ultrasonic tracking [Ogr12]. The idea is that the location of
the hand with respect to the object on which the user is working is an important
piece of information with respect to the user’s activity. An alternative approach
is to use a lower arm mounted radio-frequency identification (RFID) reader and
RFID tags placed on objects.

e When working with IMUs magnetic fields and ferromagnetic objects in the envi-
ronment are often seen as a problem as they disturb the signal (cf. Sect. 2.2).
However, such disturbances can also be seen as a source of useful information.
Thus, in general, different object appliances and machines will have a unique mag-
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netic signature which can be used to recognize when the body worn IMU is near
them [Bah10].

e Air pressure. While absolute air pressure depends on the weather and is not useful
for activity recognition, fine air pressure variations can be used to detect changes
in sensors’ altitude corresponding to activities such as walking up or down stairs
or even sitting down or standing up.

e Furthermore, high-level background information such as location, credit card
transactions, data from autonomous devices such as smart home components,
power consumptions in buildings and similar can be used to enhance activity
recognition.

Since different sensors produce very different types of signals, feeding them into
a single classifier seldomly produces good results. Instead, hierarchical, multi-stage
recognition architectures have been exploited where different sensors are used to clas-
sify different activity components and the final recognition is done with appropriate
sensor fusion (see Fig. 4). Recently, deep learning systems have been demonstrated
to be able to replace such hand-crafted architectures with automatic extractions of
intermediate feature hierarchies [Ord16].

Note, as already mentioned in Sect. 1, central differences of the described approach
with respect to the above mentioned one (IMU based 3D kinematics estimation)
are both in the level of detail with which information is reconstructed (recognized
activities versus exact body motions) and the type of methods and models used
(black-box statistical models and machine learning algorithms, which result in a
dependence on training data, versus model-based sensor fusion methods, which are
generally applicable and provide biomechanically interpretable data, but typically
have stricter placement and attachment constraints).

4 Existing and Potential Synergies

While the two approaches (IMU based 3D kinematics estimation and general human
activity recognition) have been presented separately in the above sections, there are
indeed many existing and potential synergies both on method and on application
level. Some of these are shortly indicated in the following.

e Sensor reduction. Consider the case where a full-body 3D kinematics reconstruc-
tion is needed, but the mounting of sensors on all body segments (e.g., 17 IMUs in
commercially available systems [Xsel7]) is infeasible. Here, large datasets of pre-
cisely captured motion (e.g., using a full IMU setup or a gold standard capturing
system) have been combined with machine learning algorithms for reconstruct-
ing the full-body kinematics with a reduced amount of IMUs; e.g., Tautges et al.
[Taull] uses four accelerometers and Wouda et al. [Woul6] uses five IMUs. In
[Marl17], visually pleasing results were obtained with six IMUs using an offline
global optimization approach together with kinematic constraints. Obviously, such
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approaches introduce a dataset dependence and come at the cost of reduced accu-
racy, which can, however, be sufficient for specific applications.

e Automatic sensor assignment to body locations. Setting up a system with multiple
IMUs can be error-prone regarding the correct placement of the IMUs on the dif-
ferent body segments. Here, machine learning algorithms [Kun05, Kun07, Kun14,
Weel3, Zim18], as well as, hierarchical construction-based methods [Gral6] have
been applied to obtain an automatic assignment during a predefined movement
(e.g., walking). This has been used as pre-processing step for both IMU based 3D
kinematics estimation and general activity recognition.

e Reduction of soft tissue and clothing artifacts. Soft tissue [Lea0O5] and clothing
artifacts concern all body-mounted measurement systems. They constitute a major
source of error in both IMU based 3D kinematics estimation and activity recog-
nition [Moh17]. Recent literature provides initial model-based [Kok14] and data-
level [Ols17] approaches to address soft tissue artifacts. Based on studies with
optical markers attached to the skin [Cam12], Olsson and Halvorsen [Ols17] argue
that a linear model is sufficient to compensate for soft tissue artifacts. In [Men15],
soft tissue artifacts are compensated for in IMU based 3D kinematics estimation
of the upper limbs via a linear regression approach that considers the person’s
body and arm total mass, fat mass, lean mass, and fat percentage. The regression
is then used to obtain corrected estimates for planar arm movements. Integrating
sensors into comfortable (i.e., not very tight) clothes (smart textiles) makes it more
feasible to wear multiple sensors over a longer period of time. However, this also
results in more severe artifacts. In [Moh17], a deep learning approach is proposed
for increasing the signal-to-noise ratio for the case of IMUs being integrated into
a training suit.

e Automatic segmentation of repetitive motions (e.g., rehabilitation exercises). In
[Ble15b], amachine learning approach is used to segment the motion data obtained
from IMU based 3D kinematics estimation for counting and evaluating single exer-
cise repetitions. There are several advantages of performing the segmentation on
the level of reconstructed 3D kinematic data instead of on raw sensor signals, e.g.,
obtaining biomechanically interpretable features and being more independent from
the sensing hardware (cf. also [Ble15a]). A fusion with complementary sensors,
such as pressure insoles or mobile force sensors, could enhance both biomechan-
ical analysis (moving from kinematics to kinetics) and activity segmentation.

e Locomotion analysis. In locomotion analysis both kinematic (e.g., joint angles
and segment orientations) and spatiotemporal parameters are of importance (cf.
Sect. 2.3). While IMU based 3D kinematics estimation can immediately deliver the
former, detection of the critical locomotion events (e.g., initial and terminal con-
tact) is required for deducing the latter from the kinematics data. This is typically
based on machine learning algorithms [Chel6]. Note, in well-defined scenarios,
such as walking straight on flat ground, spatiotemporal parameters have also solely
been extracted based on machine learning algorithms, e.g., from two shoe-mounted
IMUs using deep convolutional neural networks [Han17].

e Long-term context-sensitive biomechanical analysis, e.g., for the purpose of (med-
ical) movement analysis in everyday life (instead of in a specific assessment sit-
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uation) or for ergonomic feedback throughout the workday, could be a further
scenario for a potential synergy. Here, classifications based on few sensors (to
reduce energy consumption) could be used to trigger detailed biomechanical ana-
lyzes with additional sensors, only if relevant activities have been detected (e.g.,
normal walking, standing up/sitting down, or manipulating high weights).

5 Conclusion

Human motion capturing and activity recognition using wearable sensor networks
represent enabling technologies, which can be used to enhance support/assistance
systems in many application areas (e.g., in healthcare and sports, workflow analysis,
human-computer-interaction, robotics, and entertainment, as already exemplified in
the above sections). Knowledge about a user’s motion, activity and possible environ-
ment allows assistance systems and assistive devices to adapt to the user and his or her
context. This can improve usability and usefulness; e.g., think of Augmented Reality
manuals which provide step-by-step guidance for manual workflows, exoskeletons
to support overhead work which regulate the amount of support based on the wearer’s
motions and activities, leg prostheses which adapt their settings to best support the
wearer’s intended activity (e.g., standing up, climbing stairs). Another aspect con-
cerns the improvement of human-machine-interaction; e.g., think of social robotics
where knowledge about the human partners’ motions or activities is essential to
enable natural interactions. Enabling the provision of (online) feedback concerning
a person’s motion or activity is another aspect, which can be beneficial, e.g., think
of motor learning in the context of rehabilitation or sports where feedback is both
effective and motivational. An obvious aspect concerns the ability to provide in-field
monitoring (either for online feedback or documentation), e.g., of daily living activ-
ities, specific movement patterns, but also sleep, nutrition or other body functions.
These are all relevant in the health context, e.g., think of telemedicine, home based
rehabilitation or early diagnosis. Another area is ergonomics, where in-field biome-
chanical analyzes can be helpful to design and raise the awareness of ergonomically
safe workflows. In all of these real-world examples, respective support/assistance sys-
tems require or can at least benefit from mobile (i.e., location-independent instead of
stationary hardware dependent) information gathering. This can be provided based
on wearable sensor networks.
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Soft Robotics. Bio-inspired Antagonistic )
Stiffening o

Agostino Stilli, Kaspar Althoefer and Helge A. Wurdemann

Abstract Soft robotic structures might play a major role in the 4th industrial rev-
olution. Researchers have demonstrated advantages of soft robotics over traditional
robots made of rigid links and joints in several application areas including manu-
facturing, healthcare, and surgical interventions. However, soft robots have limited
ability to exert larger forces and change their stiffness on demand over a wide range.
Stiffness can be achieved as a result of the equilibrium of an active and a passive reac-
tion force or of two active forces antagonistically collaborating. This paper presents a
novel design paradigm for a fabric-based Variable Stiffness System including poten-
tial applications.

1 Introduction

With the growing interest in the use of elastic materials for the creation of highly
dexterous robots [Baul4], material science has made inroads in the soft robotics
community and becomes of paramount importance when creating soft robotic struc-
tures. A clear indication is the growth of publications about innovative soft mate-
rial robots in recently appearing monothematic journals such as “Soft Robotics”
[Rob99] and dedicated sessions at major robotics conferences, e.g., ICRA and IROS.
Some roboticists argue that soft robotic technologies will play a key role in the 4th
industrial revolution [Ros16], for safe human-robot interaction in manufacturing
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[Stil6, Stil7, Pfel3], healthcare [Hor17], and minimally invasive surgery (MIS)
[Are16]. Numerous proposals for novel flexible robots based on soft and hybrid mate-
rials are continuously emerging [Lip14]. Continuum hyper-redundant designs have
been extensively investigated to create soft robots for applications in surgery [Burl5]
with embedded sensors [Farl4, Sar14, Wurl5a], in disaster scenarios [Kam04], and
for underwater exploration [Cre05].

Although recent advances in soft and soft material robotics are notable and hold
considerable promise to achieve what has not been possible with traditional rigid-
linked robots, one important drawback remains: Despite their morphological capabil-
ities, they have limited ability to exert larger forces on the environment when required,
i.e., to change their stiffness on demand over a wide range [Man16]. In the search
for the right trade-off between desired compliance and exertable force, researchers
explored numerous approaches to enable on-demand stiffness tuning of soft robots.
According to the recent comparative study presented in [Man16], Variable Stiffness
Systems (VSSs) for soft robots can be divided in two main groups: (i) Active VSSs
(AVSSs): these VSSs provide on-demand stiffening using an antagonistic approach,
i.e., the creation of stiffness by means of equilibrium between two or more forces,
at least one of which is an active force and (ii) Semi-Active VSSs (SAVSSs): these
VSSs provide on demand stiffening relying on their capability of intrinsically tuning
the rigidity of the robotic system in which they are embedded. In particular, recent
works in [Magl5, Stil4, Shil6, Wur15b, Haw17] open up new avenues in this area
by proposing inflatable robotic devices for applications in difficult-to-access sites,
as in MIS and remote inspection. These devices can be highly compacted when in
their undeployed, folded state and can be expanded in volume to multiples of the
folded-state volume by injecting fluid and changing its stiffness by multiple times.

Our paper presents Variable Stiffness Systems based on a novel design paradigm
for fabric-based soft robots. These stiffness mechanisms are inspired by nature and
based on an active and passive antagonistic actuation principle. We describe the
generic design, fabrication process, and capabilities of these robotic systems includ-
ing potential application areas that have been explored.

2 Bio-inspired Embodiment of a Stiffness Mechanism

The stiffness mechanism proposed in this paper is inspired by biology: The role model
for our research is the arm of the octopus. An octopus’ arms are made of longitudinal
and transversal muscles [Coal 1]. Activating these muscle pairs that are distributed
along the arms, the octopus is able to achieve high stiffness values. In other words,
the sets of muscles “collaborate” in an opposing way to antagonistically stiffen the
entire arm or arm segments. Hence, the octopus’ arms are muscular hydrostats and
can alternate between soft and rigid states combining advantages associated with
both soft and hard systems by selectively controlling the stiffness of various parts of
the body depending on the task requirements. Scientists have identified connecting
tissue that keeps the muscles of the octopus arms in place, avoiding bulging and
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allowing the animal to achieve stiffness in their arms (comparable to a tube inside
a bicycle tire). Our proposed actuation approach is antagonistic in its nature in the
same way. To achieve similar behavior, we have combined compliant (silicone and
rubber materials) and non-compliant (fabric meshes and textiles) materials with the
passive and active antagonistic manipulation principles.

3 The Variable Stiffness Link: A Novel Active Structural
Element

Silicone-based structures have been widely explored. They aim at imitating biological
behavior and achieving robotic solutions for complex challenges. The morphology
of these robotic structures has been exploited creating adaptable systems capable of
inherently safe human-robot and environment-robot interaction. The main idea is
to fabricate chambers of complex shapes with embedded fluidic actuators creating
active variable stiffness systems, both, in active-active and active-passive configura-
tions. To achieve a wide range of force and stiffness variation, braided material has
been integrated to provide additional structural constraints to the chambers, thus, lim-
iting undesired deformations—also known as ballooning. However, spacing between
threads forming the braiding occurs and increases at high pressure values resulting
in limitations.

3.1 Design Paradigm and Methodology

To prevent the aforementioned ballooning phenomena, we propose a novel design
paradigm: the use of fabric as external braiding for fluidically actuated soft robotic
structures. This approach has been firstly implemented in the creation of a novel
active structural element called the Variable Stiffness Link (VSL), an AVSS working
in Acitve-Passive configuration. The proposed system is shown in Fig. 1a and com-
prises a hollow cylindrical structure made of silicone material, an embedded plastic
mesh, and an external nylon fabric sleeve. The internal airtight cylindrical cham-
ber is supplied with pressurized air controlling the stiffness of the system. On the
one hand, the plastic mesh guarantees shape retention at low pressures, on the other
hand, the fabric layer provides a robust shape constraint at high pressures preventing
any undesired deformation. The balance between the internal air pressure and the
reaction force by the fabric sleeve defines the stiffness of the VSL. Interfacing the
VSL with a pressure regulator which monitors the current internal pressure allows
to detect rapid changes in pressure values resulting from physical interaction with
the environment.
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Fig. 1. Cross-sectional view of a the Variable Stiffness Link made of a plastic mesh embedded
into silicone material and b the Inflatable Arm made of a latex bladder inside a fabric sleeve

3.2 Materials and Fabrication

The fabrication process of the VSL is as follows: a rectangular sheet of polypropylene
diamond-shaped mesh is closed in a cylindrical shape by sealing the two overlapping
edges at low temperature. The overlap is kept to a minimum in order to minimize the
thickness increase after sealing thus keeping the system isomorphic. By using a com-
mercially available heat sealer, a sealing line is produced on the rolled-up rectangular
mesh forming the mesh into the shape of a cylinder. During the second stage of the
fabrication process, the plastic mesh is embedded into a layer of silicone. A two-phase
molding process is applied to cast silicone material on the mesh into a cylindrical
shape. The result is a light-weight cylindrical-shaped stiffness-controllable element
with a large internal lumen.

4 Bio-inspired Actuation for a Soft Continuum
Manipulator

Built on the pneumatic actuation of the VSL, we have further explored robotic struc-
tures that are able to change its stiffness as well as shape. To enable shape shifting
and shape locking capabilities, an additional actuation means has been introduced.
Taking inspiration from the stiffening mechanism of natural muscles, we have devel-
oped a novel design that makes use of the extension behavior of pneumatic actuators
and the contraction behavior of tendon-driven actuators resulting in an active vari-
able stiffness system with active-active configuration. This concept has been firstly
implemented in a continuum robotic manipulator called the Inflatable Arm, an AVSS
working in Active-Active configuration.
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The actuation principle and the design of the Inflatable Arm are illustrated in
Fig. 1b. The proposed system comprises three main elements: an internal airtight,
yet expandable, latex bladder; an external, non-expandable, but collapsible and fold-
able polyester sleeve; and nylon tendons that are mounted to the outer fabric sleeve.
Three tendons are fixed at the manipulator’s tip and another set of three is attached to
the outer fabric halfway between base and tip, 120° spaced apart along the perimeter
of the outer sleeve. The pushing force of the pressurized air inflates the manipulator
and provides a straitening momentum, while the pulling force of the tendons steer the
manipulator in the desired direction. A stable equilibrium between these forces can be
achieved in any configuration providing the desired stiffness-controllability, shape-
shifting, and shape-locking capabilities. To show the potential of this approach in
different application areas, this design paradigm has been implemented in two robotic
systems, the Inflatable Endoscope and the Inflatable Exoskeleton Glove (INFLEX-
OGlove).

5 Potential Applications for Industrial Settings
and Healthcare

Three systems have been created to demonstrate the successful application of the
presented robotic structures with embedded bio-inspired antagonistic stiffening:

e Figure 2aillustrates the concept for a collaborative robot made of VSLs. The idea is
to replace the rigid links of serial robots with VSLs. Hence, it is possible to change
the stiffness of the links by varying the value of pressure inside their structure.
Moreover, pressure readings from the pressure sensors inside the regulators can
be utilized to detect collisions between the manipulator body and a human worker,
for instance.

e Figure 2b shows an inflatable, stiffness-controllable endoscope for minimally inva-
sive surgery. Due to the nature of the used outer material and its soft, compressible
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Fig. 2. Applications of the presented novel design paradigm: a a cobot made of Variable Stiffness
Links, b an infltable and stiffness-controllable endoscope and ¢ the INFLatable EXOskeleton Glove
(InflIExoGlove)
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structure, the proposed device is inherently safe when physically interacting with
soft tissue.

e Figure 2c proposes a light-weight infitable soft exoskeleton device, called the
InflExoGlove, to deliver gradual rehabilitation therapy and, hence, effective high-
dosage rehabilitation therapies for post-stroke disabilities.

6 Conclusion

We presented a novel design paradigm of a stiffness concept that has been imple-
mented in the creation of the VSL, an Active VSSs in Active-Passive configuration:
The active part is the pneumatic actuation whereas the passive part is a structure
based on flexible membranes in combination with fabric. The VSL is a stiffness-
controllable structural element that can be embedded in soft robots or be used to
replace rigid components in conventional robots. A further development of this con-
cept is realised by the presented novel bio-inspired design for a soft continuum
manipulator, the Inflatable Arm. This robotic system is able to control its stiffness
on demand and also is endowed with shape-shifting and shape-locking capabilities.
The Inflatable Arm is an Active VSS that works in Active-Active antagonistic con-
figuration, where the first active mean is the pneumatic actuation and the second one
is the tendon-driven actuation.

The fabrication processes presented in this paper have shown that the proposed
soft, stiffness-controllable structures can be easily developed across different scales
allowing applications in minimally invasive surgery as well as applications where
these robots are utilised to work closely together with humans in industrial settings.
These prototypes effectively undergo a crafting process combining multiple materials
such as fabric meshes and silicone materials inside moulds in a number of proce-
dural steps to finally create a new robotic structure. Future work will investigate
how to industrialize the fabrication steps, by means of sewing machines and multi-
material/multi-stiffness 3D printing, to allow precise reproducibility, in particular,
when these soft, stiffness-controllable robots are working in interaction with humans.
Resulting from current inconsistent fabrication methods among other things, model-
ing is hugely challenging for soft robotic structures. To overcome the limitations of
today’s mathematical modeling approaches, it is suggested that future work should
also focus on deep learning and machine learning approaches—methods that have
become attractive for applications with complex models affected by high uncertainty,
such as the systems investigated in this paper.
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Part IV
Values and Valuation

Assessment and evaluation of technical systems are necessary and common in
technology development. But when devices, apparatuses, and gadgets are devel-
oped with a supporting purpose, the understanding of evaluation is carried far
beyond a simple testing of functionalities and user satisfaction. Classic evaluation
regarding operational functionality and safety issues is still inevitable, but it is
complemented by further forms of evaluation. Technical systems get “worth” in a
continuous process of valuation. Thereby, they gain (or lose) value in many
respects, for example, ethical value, legal value, shared sociocultural value, mon-
etary value, or functional value.

Values and valuation are an integral part of developing support technologies.
Human beings dwell in a socio-techno-cultural web of relations. Developing for
people and their desires (as well as, to be sure, invoking new desires and needs)
ensues that any ignorance of specific values may quickly result in a failure—even if
the technical systems seem promising from a purely functional point of view. This
support system approach advocated here transcends the typical Ethical, Legal, and
Social Implications (ELSI)™ claims. ELSI no doubt paved the way but exhibits two
major drawbacks: it is installed mainly outside the development processes, and it
often comes after major technical choices have already been made. In contrast, the
support systems approach subscribes itself more to the idea of “responsible research
and innovation”: Values and valuation are not part of an ex post assessment but
imprinted into a project. Support systems define a kind of new paradigm for a
reinterpretation of issues commonly termed “human-machine interaction”.

Ongoing processes of valuation “in-form” the development continuously—in the
same way demands analysis, construction, and deployment remain important during
the whole course of a development project. This aspect of developing support
technologies includes the fact that technological choices are also driven by societal
values, even when they seem to be determined by technical considerations only.
This has partly been discussed earlier in Part II of this volume on “Constructing and
Construing”. However, societal values are not homogeneous and consented.
Society is differentiated into many network domains, modes of existence, linked
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ecologies, and subsystems. Its unity is a product of difference, including a differ-
ence of conflicting values, orders of worth, and the resulting friction. This might
turn out as a problem in certain respects, yet it is also known to be the principal
source of innovation.

This Part IV of the book starts with a paper of Jorg Miehling, Alexander Wolf and
Sandro Wartzack who present how an evaluation of support system designs can be
accomplished by building models of the human musculoskeletal structure to run
simulations. Since it is impossible to continuously have test persons in the laboratory
or to do field tests, having a proper model may save time and costs and therefore
accelerates the process and also encourages organizations to try out support systems.
Gaining knowledge about possible factors for success and failure of a system at each
point in time by simulation is promising for determining the prospective value of a
technical solution even in the early phases of its implementation.

Oliver Schiirer, Christoph Miiller, Christoph Hubatschke and Benjamin Stangl
introduce the sketches of a model for an “intra-action” between humans and robots.
Entering a common lifeworld, the authors argue, requires the creation of a similar
understanding and perception of local space. Thus, an “intra”-action rather than
“inter”-action unfolds that serves as a prerequisite for both entities to be able to value
each other. The imputation of a shared cultural space provides a condition to eval-
uate the performance of the robot or any artificial intelligence application ade-
quately.

Simulation is again the focus of Paul Glogowski, Kai Lemmerz, Alfred Hypki, and
Bernd Kuhlenkotter. But this time the sociotechnical relation is approached from the
opposite angle. A model for robot movements is presented that prepares the ground
for an evaluation of a collaboration between humans and robots. The authors show
how a widely used software framework for robots can be applied to model and
visualize a robot’s kinematics and dynamics that are relevant for collaboration with
humans.

The first three chapters discuss relations of two basically separated entities, that is,
robots on the one hand and human beings on the other. In the subsequent chapter, an
evaluation of integrated human/technical systems is presented. Christina M. Hein
and Tim C. Lueth discuss research designs for wearable aids to ascertain user
acceptance. First, they give an overview of different types of tests and measurement
tools for wearables (e.g., exoskeletons) and then go on to describe a field study in a
nursing home. They compare two completely flexible wearable aids in real working
conditions and show that their design is able to discriminate acceptance values of the
two tested suits distinctly.

The consideration of ethical values has become a major issue in any technology
development processes in the past twenty years. Yet ethics is sometimes treated as a
mere philosophical reflection that happens either outside or after some innovation
and is often considered to require a board of experts who provide ethical judgement.
Karsten Weber expounds a unique model for ethical evaluation that can be applied
during a project and does not necessarily need additional experts from outside. The
author generalizes the known MEESTAR model in this chapter with the purpose to
make it applicable to any technical system and the evaluation of its ethical impacts.
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This part of the book is concluded with general thoughts on legal valuation of
support technologies, especially robots. Susanne Beck summarizes legal issues
revolving around responsibility. The ascription of responsibility to technical systems
(also discussed in part II of this book) poses a major problem for defining legal
frames when robots are to be developed and licensed but also for jurisdictional
decisions that have to be made in the context of governing law. Beck examines
above all the case of damages and mistakes. In conclusion, she picks up the con-
troversial subject of transferring decision authority and thus responsibility to
autonomous machines and argues for pragmatic solutions in each particular case
instead of looking for overall regulations.

The subjects of this last part of the book mark also the beginning of further
analyses. Some of the articles of this subsection do also provide ideas and instru-
ments that might be used to further analyze demands and expectations, to modify
designs and constructions, or to rethink the forms and contexts of deployment for
support technologies. In any case, this book has a linear structure due to being a
book. Yet it evolves in circles and cross-references to display the circular and
networked relations of technical development.



Musculoskeletal Simulation )
and Evaluation of Support System L
Designs

Jorg Miehling, Alexander Wolf and Sandro Wartzack

Abstract Simulation of musculoskeletal models is getting more and more atten-
tion in gait analysis and surgical planning procedures. However, there are plenty
other applications, where these can be used to facilitate better product and pro-
cess designs. Musculoskeletal models offer the possibility to investigate and design
human-technology interactions. In contrast to most conventional, empirically-based
methods and tools used for workplace design, musculoskeletal models enable to
catch a glimpse into the human body, revealing the inner strain conditions neces-
sary to counteract the external loads resulting from the task to be performed. This
contribution shows approaches to model human-technology interactions for support
system design and directions on how to simulate, evaluate, and optimize these by
means of musculoskeletal simulation as a virtual human factors tool. Finally, future
prospects in musculoskeletal simulation of support devices are given.

1 Motivation

Ergonomics or human factors engineering specifically focuses on work processes
and systems in conjunction with human workers. Despite ever increasing automation,
there are still many manual tasks in industry, which can be accomplished efficiently
only by human workers. There is a rising heterogeneity of human competencies
in developed societies due to the prevailing demographic change. This effect com-
bined with highly repetitive tasks and high loads leads to a high prevalence of work-
related musculoskeletal disorders (WMSD) [Cos10], making at least some kind of
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workplace assessment a legal necessity. Various technologies are being developed
to support workers to improve work results and safety at work. The development of
such supportive devices, however, comprises various challenges such as the adaption
of the interaction between the system and the workers [Karl5, Weil3].

Powerful virtual human factors tools to analyze the kinematics and kinetics of
the human movement apparatus are musculoskeletal simulations. These tools are
capable to reveal the internal reactions that occur while performing a specific task.
Internal processes in question range from joint reaction forces and joint torques
to neuromuscular activation in terms of inter- and intramuscular coordination as a
consequence of a given motion behavior and external loads acting on the human.

We propose the application of musculoskeletal simulations to harness the abilities
of such simulations in the design and evaluation of support technologies. Depending
on the current design stage, such models can be used to computationally identify the
level of support systems, but also be coupled with virtual prototypes of supportive
devices facilitating musculoskeletal simulation to virtually evaluate support system
designs. We assume that this virtual product and process development approach
enables an evaluation and validation of the consequences of design choices already
in early design stages leading to better and safer designs in conjunction with the
reduction of physical user tests and consequently shortened design cycles [Miel3a].

2 Fundamentals of Musculoskeletal Simulation

2.1 Stress and Strain Concept

The stress and strain concept [Roh84] is a theoretical approach to describe and ana-
lyze the cause-effect relationships between human beings and its environment. This
concept addresses the inner reactions of the human body to counteract the imposed
external conditions satisfying Newton’s laws of motion. In ergonomics physical,
organizational, or social stresses can be relevant. The strain is the psychophysical or
behavioural reaction of the human being as a function of the stresses itself as well
as the individual’s competences and capabilities. Consequently, equal stress yields
diverse strain in different people. It has to be mentioned, that direct measurement of
the inner strain conditions is very limited. Only few and mostly indirect indicators
like heart rate, breath rate, or muscular activity can help to gain insights about the
strain prevalent in a specific person [Sch10].

Most conventional methods in ergonomic product and process engineering, like
REBA, RULA, the NIOSH lifting equations, or the OWAS worksheet [Dem05] are
based on empirical findings and do not represent and model the human interior struc-
ture. These assessment methods are therefore restricted to the conditions prevalent in
the underlying study. In contrast, musculoskeletal models enable to unveil the inner
strain reactions regarding the dynamics of movement and the external boundary
conditions in a holistic virtual systems engineering.
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2.2 Musculoskeletal Simulation

Musculoskeletal simulation is based on multibody dynamics. A multibody system
defines the human movement apparatus, with rigid bodies representing the bones
or body segments. These are interconnected by mechanical joints approximating
the anatomical degrees of freedom of the human body. The muscles act between the
bones (segments) as unilateral actuators following the hill model [Hil38, Zaj89]. The
basic musculoskeletal model commonly represents an average individual. Scaling
tools allow, under consultation of empirical anthropometric data, the adaption of the
models’ size, weight, inertia, mobility, and strength parameters to specific users or
user groups [Miel5a, Miel3b]. The underlying simulation systems are able to carry
out dynamic analyses of the human musculoskeletal system under consideration of
muscle and joint strain as well as neurophysiological reactions [Miel3a].

To do so, the differential equations of motion can be solved with two different com-
putational approaches [Zaj93]. Both are applicable to solve the muscle recruitment
problem, which arises from the fact, that there are more muscles than degrees of free-
dom in the human body. Forward dynamic tracking algorithms compute movement
based on initial guesses of muscle activations and external forces via an integration of
the equations of motion. An optimization problem distributes the forces in such way
that a certain movement is computed. This approach is only applicable to certain
cases and is therefore rarely used. In addition to the fact that the initial assump-
tions of muscle activation are hardly available or measurable, the forward dynamic
approach contains a large number of unknown variables that lead to long compu-
tation times. The most common approach is inverse dynamics. Inverse dynamics
uses known external forces and moments imposed on the human body and kinematic
data (movement) as input to compute the muscle and joint reaction forces. In inverse
dynamics, an optimization problem determines the distribution of muscle forces nec-
essary to perform the given movement while producing the given external reactions.
This optimization problem can be solved efficiently, making the inverse dynamics
approach computationally less demanding [Cro81, Ras01].

The standard workflow of musculoskeletal simulation involving inverse dynamic
simulation contains preceding measurement of the motion behaviour and the external
forces. These are commonly gathered in specialized motion laboratories consisting
of amotion capture system [And09] in combination with force plates [Jun14]. Inverse
Kinematics is used to compute joint angle curves from the marker trajectories in order
to animate the digital human model according to the measured motion. Examples
of musculoskeletal modeling and simulation environments are the commercially
available AnyBody Modeling System [Dam06] and the open-source tool OpenSim
[Del07].
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3 Virtual Development and Evaluation of Support System
Designs

Musculoskeletal simulation was not primarily devised for product development, but
rather for human movement science or clinical applications, for example the simu-
lation of pathological gait in order to support surgical planning processes [Fox09].
Nevertheless, musculoskeletal models hold high potential to analyze technology that
strongly interacts with humans. This is due to their ability to give insight into the
biomechanical system of the human body. Supportive devices, like exoskeletons,
inherently exhibit a very high level of interaction. Human and device literally merge
to one integrative system performing the given tasks collaboratively.

Information gathered through musculoskeletal simulation may support the devel-
opment of support devices depending on the design stage. The user-centred design
process of [DIN11] helps to expediently integrate musculoskeletal simulations into
the design cycle of support systems.

In the first phase, the context of use specification, the people performing a spe-
cific manual task and the task itself for which a supportive device is to be created
have to be identified. Following the mentioned standard workflow of musculoskeletal
simulation, motion capture of the unsupported task can be done while empirically
assessing the workplace. The task in question can be reconstructed alternatively in a
motion laboratory. In the subsequent requirement specification phase musculoskele-
tal simulation may reveal a glimpse on the forces acting in the human body while
performing this task. Result of this step may be critical muscle and joint reaction
forces, which are consulted to assess the need and determine the level for support.
This is illustrated in the following example. A passive support system for the (ortho-
pedically correct) lifting of heavy objects in production is to be developed. In the
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requirement specification phase, the unsupported lifting movement is analyzed. This
reveals that the muscles have to produce an initially high and linearly decreasing
moment in the knee joint (Fig. 1). Therefore, the knee joint is predestined to be
supported by a torsion spring.

The next phase addresses the creation of design solutions of the supportive device.

This design stage begins with the development of rough concepts. Therefore, it is
possible to add abstract forces or moments to several joints or body parts of the human
model in order to evaluate where, when, and to what extent the human body should be
supported [Dem17]. This information helps in the derivation of principal topological
solutions for the support system fulfilling the previously specified requirements. In
the example above, various abstract moments could be attached to the hip, knee, or
ankle joint in order to analyze their reciprocal positive and negative effects on the
movement. To keep it simple we just added a moment to the knee joint. The moment
is modeled as a torsional spring defined by the torsion elastic modulus K and the
twisting angle (knee flexion angle). In this way, it can be determined to what extent
a certain elastic modulus K may support the movement. The support is for instance
expressible in a reduction of the metabolic energy rate (Fig. 2) or the joint torque
reduction relative to the unassisted task.

The concepts resulting from the previous analyses can be implemented as digital
mock-ups. These virtual prototypes have to provide the kinematics and kinetics of
the design concepts. To virtually compare and evaluate the different support system
designs in conjunction with the use case in question, the digital mock-ups can be
coupled with the biomechanical digital human model to simulate the interaction
in detail. Concepts to integrate the digital mock-up of the support system with the
digital human model are given in the next chapter. Explorative parametric studies
may reveal the influence of product parameters on the inner body strains and lead to
an optimized device design fulfilling the specified requirements.
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After the virtual development, it is recommended to build a physical prototype
to assess the developed support technology in the real-world setting. This procedure
assures that no unforeseen negative effects occur in consequence of the support and
that the support technology meets the requirements also in the real use case. As
the motion behavior is expected to change due to the intrusion of the support tech-
nology, musculoskeletal simulation should be seen as an extension to conventional
biomechanical approaches rather than a surrogate.

4 Modeling of Human-Technology Interaction

A major challenge of evaluating and optimizing a support device’s design using
musculoskeletal simulation is the modeling of the human-technology interaction,
in order to couple digital mock-ups with the musculoskeletal model. In a first step,
the digital mock-up has to be modeled as multibody model including its kinematic
and kinetic properties (rigid bodies in conjunction with spring elements or active
actuators). Subsequently, either the musculoskeletal model needs to be imported
to the CAD environment [Krul4], or the digital mock-up is to be imported into
the musculoskeletal simulation environment. Of course, the digital mock-up can
also be approximated in the musculoskeletal simulation environment. This way
Agarwal et al. [Agal3] optimize the design of a rehabilitation finger exoskeleton. In
the majority of cases however, the mock-up needs to be coupled to the digital human
model. One way to achieve this is by point to point constraints and rigid connections
as displayed in Fig. 3 at the example of a rower attached to a skiff [Miel5b]. This
approach can be conveyed to support systems attached to virtual humans.

Support devices are often mechanisms parallel to the human body, with identi-
cal rotational axes. Therefore, it is useful to describe the kinematics of the digital
mock-up using the musculoskeletal kinematics or vice versa. Ferrati et al. [Fer13]
used this approach to couple a lower limb exoskeleton to a musculoskeletal model.
Conversely, the virtual prototype can be constrained to the segments of the human

Fig. 3 Musculoskeletal model interacting with skiff through point to point constraints (seat—seat-
bones) and rigid connections (footstretcher—feet; oar handles—hands)
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model in such a way, that the prescribed movement of the human body defines the
mock-up’s kinematics. Zhou and Li [Zho16] present this approach for the design opti-
mization of a passive upper limb exoskeleton. If the kinematic properties of a device
are not expressible via the human kinematics, additional movement specification is
necessary. These constraints integrate the digital mock-up of the support system with
the human multibody system. The actuator forces/controls of the support system can
either be predefined or optimized during the inverse dynamic simulation. The inter-
action forces are automatically computed as constraint forces between the human
body and the supportive device in order to reach a dynamic equilibrium. Besides the
use of kinematic constraints, also dynamic constraints like contacts [Krul7] can be
deployed to connect human and support system models.

5 Future Prospects

This contribution shows how to design and compare support technology designs by
harnessing the strength of musculoskeletal simulation. However, further research is
needed in order to enhance the ease of use and efficiency of these simulation systems
for product and process design. Using the conventional workflow of biomechani-
cal simulation, still some kind of motion capture is needed. Therefore, the physical
workspace and tools to interact with are necessary for such evaluations. Furthermore,
motion strategies are expected to be notably different in assisted tasks in comparison
to unassisted execution. Novel motion synthesis approaches like the use of motion
libraries in conjunction with kinematic optimization or fully synthetic task-based
optimal control strategies hold the potential to further reduce the need for physi-
cal prototypes and extensive observations prior to the musculoskeletal simulations
[Miel3a, Woll7]. Of course, such simulation approaches do not replace the proto-
types completely, but enable frontloading in the development process and may lead
to better designs prior to physical testing. Finally, the resulting behaviour of the
developed assistive technology has to be evaluated in real-world user tests to ensure
the intended behaviour and safety. In addition, Young and Ferris [Youl7] identified
the control of current exoskeletons as a major weakness. Real-time musculoskeletal
simulations may reveal novel control approaches for smart active supportive devices.
Lastly, since musculoskeletal models are usually rigid multibody systems, it is not
possible to analyze skin pressure or soft tissue deformation that usually arise when
fixing an exoskeleton to the human body. An integration or co-simulation of human
finite element and musculoskeletal analysis may achieve this.
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Abstract Technical perception systems exhibit essential differences in comparison
with human perception systems. Technical perception systems comprise geometry,
numbers, and images. But humans can define only a very small portion of space by
means of technically abstract values. Far more important are topologies of personal
meanings rooted in cultural meanings. This leads to several problems. Humanoid
robots are endowed with complex technical perception systems, unfolding a paradox:
They are being developed for the most intimate areas of human existence, but they
cannot participate in the human sphere of perception. Therefore, we have developed
an approach that connects robotic and human perception systems. Humanoid robots
are then understood as “companions”. The object of our approach is to develop a
cultural model of space, involving robots, Al, and humans within the same context
of meaning.
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1 Sociocultural Starting Position

Everyday human life is being increasingly enriched by a wide range of different
technologies. As artificial intelligence is already being used in areas such as the
stock market, face recognition, or for mobile telephone interfaces, robots are now also
more and more in the center of international Al-research agendas. In everyday life,
the fusion of such technologies is designed to offer services which satisfy individual
needs and promises and solve some social problems at the same time—for example
robots being sexual partners and also providing elderly care.

Our ageing society makes increased efforts to develop humanoid robots that take
over care functions. Anthropomorphic machines are seen as being able to support
humans as they can for example move “naturally” in the intimate physical and social
spaces where care and assistance take place. Crucial for the acceptance of robot
assistants are their social abilities and their ability to learn independently of their
surroundings [Duf03, Dau07].

Technological development is facing a paradox: Robots are being developed for
the most intimate parts of human existence, yet they cannot take part in human
perception space.

2 Space, Perception, and Technologies

Technical services are achieved by cross-linking automation-controlled sensors with
the algorithmic processing of sensor data in software data models. The interaction
of these components creates technical perception systems. This kind of technology
is used in applications from the simple regulation of room temperature to facilitating
the autonomous behavior of hyper-complex machines such as humanoid robots. This
example also makes us realize how useful the different technical perception systems
are and how their different objectives generate different forms of realities.

In a simple system, only the air temperature has to be connected with the heating
capacity. But in a sensor system for an artificial intelligence, “the world” has to be
mapped. The complexity and unpredictability of the everyday world in which humans
usually move about effortlessly represents a huge challenge for hyper-complex tech-
nical systems. But artificial intelligence must content itself with the barriers posed
by its technical perception systems and data models. Data can only be acquired
and processed according to a model in line with the given perception systems. The
characteristics of services the technological system can provide are a product of
these circumstances. Thus, technical systems exist and operate in other realities than
humans. The numerous technical perception systems differ essentially from those
of humans. They perceive space in the form of geometries, numbers, and images.
Humans, on the other hand, determine space only to a very small degree by means
of technical values. Substantially they perceive space through personal experiences,
association, and habit, each rooted in cultural meanings. Although robots possess
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the most modern perception systems, they do not share the same perception space as
humans.

The different state-of-the-art approaches have in common that they solve problems
by focusing on given technical possibilities. However, this leads to the fact that the
cultural importance of objects is taking a back seat compared to the data-driven
technical representation of objects. Individual meanings disappear as a result.

This is where the problems culminate that our approach tries to solve.

3 A Research Method for the Human Lifeworld

We are working on developing a cultural concept of space for humanoid perception
systems. To this end, we use the abilities of a humanoid robot for human-like inter-
action as an approach to data collection and modeling. In the space model presented
here for discussion, the meaning of objects is inquired through language interaction
and interlinked by using algorithms of machine learning. By collecting and inter-
linking many localized meanings, a space model is created that cannot be reduced to
technical parameters or human perceptions or individual meanings. Instead, a hybrid
space model is created that is generated jointly by means of natural language inter-
action. This is done in order to facilitate new interaction spaces equally developed
by humans and robots. Thus, a humanoid robot with its artificial intelligence system
is involved in the same meaning context as we human beings are.

The term language-game has been coined by Ludwig Wittgenstein [WitO1]. It
means that every linguistic expression is rooted in human life. Only there do the differ-
ent human language-games make sense. Every word, every term, and every sentence
have meanings which depend on the context or actions or situations in which they are
expressed. Mathematics and formal logics, too, are included in language-games. Just
as the philosophical language-game, our architectural space-game also uses the con-
nection between linguistic expressions and human practices. By contrast, however,
we are dealing with the cultural relationship between humans and humanoids to con-
stitute everyday space. Using naturally linguistic man/machine communication, we
want to facilitate the mutual construction of space and meaning in dialogue. Within
the possibilities of humanoid shape, we reproduce human gestures and body stances
to enrich this construction with non-linguistic communication. With the help of such
interaction, perception space is created for humanoids which is formed interactively
from meanings, far beyond any technical parameters.

The human lifeworld is essentially spatial. Space in this sense is mainly a holistic
substrate of meanings and their localization. All relations discussed in social and cul-
tural space theories arise from these localized meanings. Architecture is specifically
dedicated to aspects of space in connection with life. It faces changes which will
fundamentally transform behaviors (regarding the production and use of spaces) that
have long been culturally conserved. Buildings as we know them will be increasingly
equipped with mobile parts and sophisticated controls. We are on the threshold of
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a development where technological artifacts such as the home and the robot will
interact and form everyday perception spaces.

The effective forces of each reality are competing for the prerogative of inter-
pretation regarding the actuality of the everyday world. This structural otherness
of human and technological realities harbors the risk of conflict and danger. Often
users of assistance systems feel harassed, pushed, or under-challenged and reject the
otherness for that reason.

Man’s social spaces are manifold. Social space is not a permanently fixed space
but is being constantly produced [Lef91] and is therefore constantly changing. The
production of space is never a neutral process but always co-determined by power
structures, economic interests, and cultural hegemonies. Like space, technologies
should also not be understood as being neutral because they are also involved in
power structures. Our project is trying to address these questions of power and to
promote the authority of users with regard to artificial intelligence. At the same time,
we are addressing technical objects [Sim12] as active actors. Humanoid robots are
not simply other objects or neutral actors, but must be theorized and investigated as
active co-designers of such spaces. Furthermore, it must always be taken into account
in what kinds of power structures these humanoids are being developed, researched,
and utilized. Just like Langdon Winner did in his essay Do Artifacts have Politics?
[Win87] we also want to inquire what cultural, ethical, and political concepts are
built into such robots, especially in relation to architectural spaces that form our
domestic environment.

These questions are to be processed and philosophically reflected, using transdis-
ciplinary methods and artistic research. New transdisciplinary kinds of access and
methods are to be developed and involved in current debates and discourses about
questions of robot ethics [Linl5]. Artistic research allows us—going beyond tech-
nical questions and questions of social science—to develop, evaluate, and reflect
upon the question of the value of cultural meanings of space, the different kinds of
space perception, and possibilities of a common understanding of space for robots
and non-robots. The findings and insights will not be evaluated in relation to social
or technical objectives in their cause-and-effect connection, but as an open result in
lifeworld contexts.

How spaces are designed, changed, and produced, and how we move in these
spaces and interact with each other, is influenced largely by our perception. What
we see, hear, feel, etc. is co-determined by our lifeworld. However, how objects,
spaces, and people are seen, heard, and felt is governed to a considerable degree
by cultural factors. The cultural meanings of spaces and objects are permanently
negotiated and transformed. Humanoids are co-producers of social space and they
interact with space as much as with humans in space. Therefore, humanoid robots
should not only learn to recognize these cultural meanings, but also to co-develop
them. Doing that, they will occupy a novel position between existing technology and
humans.
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4 Relationship of Humans and Technological Artefacts

What principles are useful for developing the relationship between unique human
individuals and humanoids—a serially produced, distorted, technical wanna-be mir-
ror image of humans?

It was a relatively simple and everyday situation from which the French philoso-
pher Jacques Derrida developed complex considerations and profound reflections.
One day, just as Derrida stepped out of the shower, he realized that he stood naked
in front of his cat which had sneaked into the bathroom. What fascinated Derrida in
this encounter was the simple observation that he was embarrassed to be exposed to
the cat’s look in this situation. Although the cat surely had no idea what nakedness
means and most likely showed no interest in the fact that he was naked, Derrida felt
observed by the cat’s glance. “How can an animal look you in the face?” Derrida
asked in his talk called The Animal That Therefore I Am, in which he reflected this
situation [Der(02].

In the same way as Derrida’s cat, humanoid robots for domestic service are con-
structed to look us in the face—to be able to see us. It almost seems as if this ability
has been one of the main reasons for developing humanoid robots at all: that robots
have a face which we can look at, but also a face that can look back at us, that is able
to return our look [Coel 1, Coel2, Coel4]. With cameras as eyes, humanoid robots
are not only able to “see”, but also to record. In addition, they are equipped with a
large number of other sensors which continuously track and evaluate their surround-
ings. They are also connected with numerous other helping and assisting technical
artifacts. All this produces a completely different perception of space, time, and
actions than humans have who are socioculturally conditioned and architecturally
influenced. Should we feel shame at a time when humanoid robots are advancing
more and more into our private and most intimate spaces, when they are able to see
us and look at us? Or are these robots only a collection of technically-based offers
in a system they represent, mere technical servants whose glance does not touch us
at all? Or are they actually a kind of companion—hybrid beings that share the most
intimate spaces with us while potentially they could also share these worldwide on
the Internet?

In her book When Species Meet [Har08] the American philosopher and theoreti-
cian Donna Haraway criticizes Derrida’s approach. She argues that he has failed
to recognize the many possibilities and meanings of the cat’s glance. According to
Haraway, this look of the cat is an invitation to a joint becoming, a becoming with
what she calls a “companion species”. Every look is a reciprocal process and living
with another being is also a common becoming. According to Haraway, this com-
mon becoming also requires another kind of access to ethics, namely an ethics of
shared responsibility. Just as a guide dog is responsible for its master or mistress,
the latter are also responsible for the dog. Living with a dog is based on a mutually
shared responsibility for each other. The following principle applies not only to the
man/dog relationship: “Responsibility is a relationship crafted in intra-action through
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which entities, subjects and objects, come into being” [Har08, p. 71]. Intra-action is
understood as the mutual constitution of entangled agents [Bar07].

Can technical artifacts in a relationship with humans be regarded as the kind
of “companion species” that Haraway defines? What could such a mutually shared
responsibility between human and robot look like? Based on a similar understanding
of mutually shared responsibility, we want to reflect on the ethical, political, and
spatial consequences and develop a technical system in which humans care for their
robots who in turn support these humans in everyday life.

5 Towards a Human-Humanoid Lifeworld

The state of current research is that technical perception systems translate objects
and users into numbers, register spaces in geometric terms and display them as
images. However, they are unable to place these elements in their environment into a
mutual relationship that is meaningful for humans. By contrast, we have developed
an approach in which the design of a model for the cultural meaning of space is based
on interaction between humans and robots. The machine is regarded as a compan-
ion. This approach allows the technical system to use the interactive requisition of
cultural meanings to develop a concept of space and to adapt it dynamically—thus
domesticating humanoid robots and Al

To research humanoid robots as a potential future companion species also means to
integrate the above questions according to new forms of perception. The allocation
of meanings to objects, spaces, building components, persons, and machines is a
network-like reference system that is woven from geometrical, pictorial, social, and
cultural relationships. Meanings of the individual parts and their relationships to each
other are constantly and dynamically transformed through negotiations. Humonoids
are equipped with sensors that produce completely different data of the environment
than the human perception apparatus. Transdisciplinary, artistic research can help
to make these specific forms of perception visible, and also to show possibilities of
interweaving the intra-action between humanoid and human kinds of perception in
order to generate a cultural space model of life: A model of space that can neither
be reduced to the mere human perspective nor to the mere humanoid perspective.
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ROS-Based Robot Simulation )
in Human-Robot Collaboration Gedida

Paul Glogowski, Kai Lemmerz, Alfred Hypki and Bernd Kuhlenkotter

Abstract The idea of human-robot collaboration (HRC) in assembly follows the
aim of wisely combining the special capabilities of human workers and of robots
in order to increase productivity in flexible assembly processes and to reduce the
physical strain on human workers. The high degree of cooperation goes along with
the fact that the effort to introduce an HRC workstation is fairly high and HRC
has hardly been implemented in current productions so far. A major reason for this
is a lack of planning and simulation software for the HRC. Therefore, this paper
introduces an approach of how to implement such a software on the basis of the
Robot Operating System (ROS) framework in order to enable a realistic simulation
of the direct cooperation between human workers and robots.

1 Introduction

In human-robot collaboration (HRC), human workers and robots work simultane-
ously in different production steps in one common and overlapping workspace. This
offers new possibilities for work planning, especially in assembly, because tasks
can be processed by human workers and robots individually. By taking over non-
ergonomic tasks, the robot can relieve the human worker’s workloads and make
workplaces more attractive. The major objective of HRC is to increase the prof-
itability of assembly workstations. However, HRC has hardly been introduced into
companies’ routines. This is due to the uncertainty in the implementation of the
prescribed standards. Furthermore, the economic efficiency is still unknown because
many interruptions and safety requirements, such as speed reductions or safety stops,
may limit the previously calculated productivity. Moreover, there is still a lack of
planning support, e.g., in the form of assistance, consulting services, and especially
software tools [Ben16, Glo17].
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A comprehensive simulation software is available for manual work, which sup-
ports the complex process of a detailed planning and implementation. In addition,
there is a large number of digital human models [Tsal6] that can be integrated in
the context of specific software developments or enhancements [Bus13]. With the
help of these digital human models and corresponding methods from the field of
ergonomics, it is possible to simulate ergonomic aspects or cycle time analyses for
manual assembly tasks [Bus15, Fril0].

However, appropriate software is not yet fully available for the simulation of
HRC. To meet this demand, this paper will introduce a way to implement the sub-
area of robot simulation in HRC. For this purpose, Open Source Software (OSS) is
exclusively used as there are many good and useful solutions in robotics. In addition,
OSS allows a cost-efficient and manufacturer-independent approach, which makes
the software future-proof and reusable because it makes use of open standards. It is
based on the well-known framework Robot Operating System' (ROS), which enjoys
great popularity in all parts of robotics. One of the reasons for this is that its structure
and abstraction level make it suitable for a very wide range of robots.

The paper is structured as follows: Chap. 3 provides an overview of the state of
the art in HRC. Chapter 4 introduces the basics of the framework ROS and gives
an insight into the most important components and functionalities of ROS. Against
this background, Chap. 5 demonstrates how a simplified HRC workstation with the
focus on robot simulation is implemented and simulated based on ROS.

2 Human-Robot Collaboration

The following chapter outlines the existing collaborative robot hardware, the associ-
ated safety and sensor technology as well as the necessary robot simulation software
tools for HRC.

Hardware

Suitable hardware is a prerequisite for the successful implementation of an HRC
application. There is a number of light-weight robots (LWR) approved for HRC
operations whose weight, dimensions, and load-bearing capacity are close to the
capabilities and physical constitution of a human arm. The development of HRC in
the field of robot hardware has made an important progress in many ways. Thus,
the robot arms are equipped with more and more sensors and are therefore basically
suitable to collaborate with human workers in a safe way.

Safety and Sensor Technology

In order to enable the cooperation of human workers and robots in one workspace,
various safety requirements have to be met. This serves primarily to protect the

Thttp://www.ros.org/.
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human worker who is performing the collaboration with the robot. The risk of injury
from collisions of the robot arm with the human body must be minimized as much
as possible. The maximum permissible forces and pressures which may occur in the
event of a collision are specified, for example, in the standard DIN ISO/TS 15066
[DIN16].

An HRC application is highly dynamic: Human workers are continuously moving,
workpieces can be in varying positions or a planned trajectory is blocked by an obsta-
cle. In order to meet the high safety requirements, the collaborative workspace must
be constantly monitored with appropriate sensors. Optical sensors, laser scanners, or
ultrasonic sensors are available for this purpose, for example the safe camera system
PILZ SafetyEYE. The position of the human worker must be known in order to adjust
the speed of the robot or to stop a movement when entering different safety zones.
Since the human worker and robot operate simultaneously on a workpiece in a shared
workspace, the robot must permanently redefine the position of the workpieces and,
if necessary, dynamically reschedule a movement. In addition to preventive safety
techniques, sensors are also used to reduce consequences of collision. For example,
torque or tactile sensors provide the robot with appropriate sensitivity.

Simulation Tools

In order for hardware and sensors to work together profitably, a suitable simulation
tool is required. The high dynamics of an HRC application require a large number of
modern algorithms which will enormously increase the software complexity. In order
to guarantee a high quality of the simulation system, it is necessary to simulate the
HRC workstation as close to reality as possible. The danger of testing new software
solutions directly in real applications is huge in the field of HRC, especially because of
the direct contact to human workers. The development of a comprehensive simulation
would solve this problem by simulating not only human workers and robots but also
sensors and the environment. The aim is to design the software as universally as
possible for all collaborative robots, end effectors and sensors in order to generate a
high benefit for many potential users.

Up to now, robot technology has been characterised by proprietary software sys-
tems that are used to simulate and control robot movement. The different robot simu-
lation systems can be specified according to manufacturer-specific and manufacturer-
independent systems. Leading robot manufacturers such as ABB and KUKA rely
on proprietary software solutions and provide their own simulation systems (ABB
RobotStudio, KUKA.Sim). These systems only support the control of proprietary
robots. In contrast, manufacturer-independent simulation systems such as DELMIA,
EasyROB and RobCAD have the advantage of providing a universality for control-
ling generic robot types from different manufacturers [Web17, HypOS].

A development of the above-mentioned proprietary software is difficult or even
impossible: A solution can only be implemented by the manufacturers themselves,
any external development is absolutely bound to the provided software interfaces. In
this context, this paper considers a solution approach for robot simulation with OSS.
It is built on existing OSS since the complexity of an HRC system would otherwise
be difficult to handle.
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3 Robot Operating System

The most widely used open source software framework for robots is the Robot Oper-
ating System (ROS) [Qui09]. Today, ROS is considered as standard in robot research
and development, and is universally used in robotics [Jos15a, Guz16]. ROS has a
huge collection of drivers that enables the control of sensors and actuators as well as
complete, commercially available robot systems. These include a wide range of basic
and innovative robotics algorithms for e.g., motion planning, sensor data process-
ing, collision checking, navigation, and many others. In addition, there is a wealth
of utilities available to facilitate the visualization and simulation of a robot [Quil5,
Jos15b].

3.1 Motion Planning Framework Movelt!

The metapackage Movelt! combines the latest algorithms for the mobile manipulation
of robots. It offers, among other things, possibilities for motion planning, manipu-
lation, 3D perception, kinematics, control, and navigation. The range of robots on
which Movelt! has already been used successfully, ranges from diverse jointed-arm
robots to mobile manipulation systems and humanoid robots.

Robot Modeling, Kinematics, and Dynamics

To describe robotic models in ROS, there is the Unified Robot Description Format
(URDF), which is based on the XML format. It helps define the kinematics and
dynamics of a robot as well as determine the visual representation and the colli-
sion model. The workspace and any sensors can be specified within the URDF file
[Jos15b]. Problems of direct and inverse kinematics can also be solved. The default
is the solution algorithm of the Kinematics and Dynamics Library, which is based
on a numerical Jacobi method. However, the numerical solution of the inverse kine-
matics can take a long time or cannot be solved. An analytical method which, for
example, provides the package IKFast from the Open Robotics Automation Virtual
Environment (OpenRAVE) [Dial0] can help here.

Collision Check

The Flexible Collision Library [Pan12], which is used as standard, offers the possi-
bility to perform continuous collision checks, taking current sensor data into account.

Motion Planning

Motion planning is provided as a plugin solution. By default, Movelt! is based on
the Open Motion Planning Library (OMPL) [Sucl2a]. This high-quality library
includes a wide range of motion planning algorithms [Ros14] such as Probabilistic
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Roadmap Method [Kav96], Rapidly-expanding Random Trees [LaVO01], and Kinody-
namic Planning by Interior-Exterior Cell Exploration [Suc12b]. The OMPL contains
only abstract planners which are configured by Movelt! for the respective applica-
tion. Movelt! automatically selects a motion planning algorithm contained in OMPL
unless a specific algorithm is explicitly selected. In Movelt!, the Trajectory Process-
ing Routines take care of the temporal components of motion planning. Taking into
account the speed and acceleration limits of individual joints, the routine calculates
a suitable time-parameterized trajectory.

Control Strategies

For the robot simulation, as in reality, control strategies are necessary for the individ-
ual joints. Without these strategies, the simulated robot arm would collapse due to
the force of gravity and could not be controlled. Various controllers are available in
ROS, including force and torque, position, joint state, or speed control. User specific
control algorithms can also be implemented [Qui09].

Planning Scene

The environment the robot is located in is stored in the so-called Planning Scene.
This includes the state of the robot itself. The Planning Scene Monitor manages all
the information needed to create the world in which the robot is located. It receives
information about the current robot status (e.g., joint angles), sensor information,
and geometry information on the environment [Chil6].

3D Perception

The Occupancy Map Monitor administrates the perception and creates an occupancy
map of the environment using the OctoMap framework [Hor13]. This map is created
by the use of distance sensors such as a TOF camera. The data is then filtered by the
Depth Image Occupancy Map Updater so that the robot parts in the camera’s field
of view are not taken into account. At the end, a map is built up consisting of many
small blocks representing its environment. It is considered by particular fields such
as motion planning and thus helps to avoid collisions with units in its environment.

3.2 Robot Simulator Gazebo and Visualization with RViz

Gazebo is an open source 3D simulation software for robot simulation. Since ROS is
only a platform for the development of robot software, but does not contain a simu-
lator, it is necessary to use additional software like Gazebo [Koe04]. As a decoupled
simulator, Gazebo has no integrated component for controlling a robot and is there-
fore dependent on external software such as ROS.

In Gazebo, there are four different physics engines available that allow a realistic
dynamic simulation. These include the Open Dynamics Engine, the Bullet Physics
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Library, Simbody, and the Dynamic Animation and Robotics Toolkit. The physics
engines calculate, among other things, body collisions and occurring forces of rigid
bodies. The Bullet Physics Library is also able to simulate deformable bodies.

Gazebo is able to generate realistic sensor data. It can, among others, simulate
laser scanners, 2D and 3D cameras, TOF cameras, contact sensors, and force-torque
sensors. There is also the option to imitate sensor noise.

The GUI application ROS Visualization (RViz) is one of the most commonly
used tools in ROS. It offers extensive display and interaction options for a robot
environment. RViz should not be compared to a simulation environment like Gazebo
as it does not offer any physical considerations. Above all, RViz offers the possibility
to visualize information such as sensor data. It can, for example, display the data of
a TOF camera.

3.3 Applications in Industry and Research

There is already a number of projects that promise great development leaps in HRC
simulation through the use of ROS. Particular mention should be made of the LIAA
project with the participation of the Fraunhofer IPA. The aim of LIAA was to develop
a framework based on ROS Industrial, which enables the cooperation of a human
worker and a robot in assembly tasks. The ReApp project, one of LIAA’s predecessor
projects, shows how a profitable combination of AutomationML and ROS can be
implemented [Hual6]. This is primarily intended to create benefits for SMEs through
faster prototype development and reusability. In addition, Kallweit et al. [Kall6]
take care of the implementation of safety requirements for collaborative robots,
developing an approach based on state machines in ROS. Gradil and Ferreira [Gral6]
develop a ROS-based simulation framework for human-robot interaction, in which
human workers can perform simple movements. In the future, the authors want to
integrate a fully moveable human model for Gazebo.

4 HRC Application

In the following chapter, an exemplary HRC workstation is simulated with the LWR
URS and the TOF camera Xtion PRO LIVE applying Gazebo and ROS (Fig. 1).

For a well performing robot application, it is necessary to have an adequate
description of the components robot (LWR URS), sensor (TOF camera), and end
effector (gripper). The TOF camera is mounted two meters high and tilted slightly
forward. A simple gripper has been implemented here, since the complexity of the
available gripper packages would not be appropriate at this point.
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Fig. 1 Exemplary HRC application (left: complete environment in Gazebo, right: surrounding
objects detected by simulated TOF camera in RViz)

4.1 Motion Simulation

In the following HRC application, the robot’s TCP moves from a start to a target pose.
At the target position there is an object (a can) which is to be gripped by the robot.
In between there is an obstacle that is not permanently connected to the workstation.
Figure 1 (left) shows the simulation environment of the HRC application in Gazebo.
In the following, two different case studies are examined: one with and one without
a Sensor.

Motion with Switched-Off Sensors

In the first case, the TOF camera is turned off. The planning scene does not have any
information about the environment, which is why it does not include any objects.
Accordingly, the motion planning of Movelt! has no knowledge of objects within
its environment. Therefore, the robot’s trajectory—without considering the obsta-
cle—follows the shortest path from start to finish. In Gazebo, this causes the robot
to collide with the obstacle and the object.

Motion with Switched-On Sensors

In the second case, the sensor is switched on. Figure 1 (right) shows the surrounding
objects that the camera detects, presented as colored blocks in RViz. Depending
on the distance of the registered points from the camera, their color changes. The
environment is also integrated in the planning scene and is taken into account in the
movement planning. Thus, there is no collision with the obstacle, but the path of the
robot arm runs over the obstacle to the target. Consequently, collisions can basically
be avoided if the TOF camera is switched on. The effect of the camera position can
easily be recognized: the upper part of the human body, especially the head, is not
detected, thus it would not be included in the collision checks.
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Fig. 2 Gripping process (left: contact points of the gripped object in Gazebo, right: OctoMap
resolution of 15 mm in RViz)

4.2 Gripper Simulation

As a last step, this paper examines the gripping process of the object. Movelt! offers
interfaces for pick-and-place implementations and can also select the best solution
from different gripper positions [Jos15b]. In order to simplify the calculation of the
physical effects, the collision model of the object, which is the can in our case, is
assumed to be a cuboid. Gazebo displays the contact points of the objects. Figure 2
(left) shows four blue spheres at the corners of the object’s collision body with contact
to the gripper. The identification and evaluation of such contact points is of partic-
ular relevance to analyze possible collisions or bruising in collaborative assembly
processes. The physics engines applied in Gazebo therefore offer a promising pre-
requisite for the simulation-based verification and validation against the maximum
permissible forces and pressures that are specified in the current standards.

5 Summary and Outlook

The application of the ROS framework has led to a planning and simulation system
that combines sensor information and the motion planning of a robotic arm. A simu-
lation environment with basic HRC functions is available. With a development based
on OSS, it has been possible to implement an extensible and open application that
makes the complexity of an HRC system manageable. An application of the system’s
current state would, of course, not be sufficient to meet the safety requirements in
real operations. The aim of this paper has rather been to clarify the purpose of a
software development framework in the field of robotics.

In future work, the objective will be to integrate a digital human model into
the HRC application described in this paper. The focus will then be on the human
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movement behavior in order to plan the corresponding robot path without collisions
and to determine the optimum balance of the collaborative assembly process (e.g.,
optimization of delivery positions). In addition, the simulative derivation of occurring
collision forces in impact and bruising situations between the robot system and the
human worker will be further developed in order to guarantee a safe HRC application.
Finally, the results of the simulation system for HRC will be validated within the
scope of real HRC applications using various demonstrators.
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User Acceptance Evaluation )
of Wearable Aids ey

Christina M. Hein and Tim C. Lueth

Abstract Wearable aids like exoskeletons strive to help during rehabilitation, phys-
ically demanding work in industry or nursing care, and in the military field. The
evaluation of their user acceptance is crucial in order to guide the development and
research and to compare different products. This chapter describes the classification
of evaluations using the criteria target, type, test environment, and measuring tool. It
therefore helps to classify existing studies and shows developers of evaluations dif-
ferent test design possibilities. Finally, a field study in nursing care is presented. Its
target was to compare two different passive force assisting suits. Within this example
all steps concerning the test design and analysis are shown.

1 Introduction

Wearable aids like exoskeletons are being developed for rehabilitation or physically
demanding work. In order to guide their development and to compare different prod-
ucts, evaluation is crucial. An essential factor for their widely spread application is
the user’s acceptance of the wearable aid.

The term user acceptance describes the users’ assent to the application of a prod-
uct. User Acceptance Testing (UAT) is a term in the field of software testing and
stands for a formal testing with respect to user needs, requirements, and business
processes [Ham13]. This chapter will focus on the classification of evaluations of
user acceptance for wearable aids.
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Wearable technology usually refers to electronic devices that can be worn on the
body. This definition includes devices like hearing aids or pace makers. Though, this
chapter focuses on wearable aids that show an intensive physical human-machine
interface, like force assisting devices. They can be both, active driven exoskeletons
or passive force assisting suits.

2 Classification of Evaluations

The evaluation has to ensure that the main aspects concerning the user acceptance
of the wearable aid are assessed. This may differ, as the target group and the system
itself varies. Aspects of user acceptance for specific technology applications can be
found in literature. In [McCO05] the acceptability of assistive technology for elderly
people is described. The authors claim that there has to be a felt need for assistance,
the technology has to be affordable and available, and the assistive technology has to
fulfill some attributes, namely efficiency, reliability, simplicity, safety, and aesthetics.

In information systems theory several models for the acceptability exist. The
technology acceptance model states that the perceived usefulness and the perceived
ease-of-use influence the user to accept the technology [Dav89]. The unified the-
ory of acceptance and use of technology was developed through the review of eight
models and proposes four factors affecting the individual’s acceptance: the perfor-
mance expectancy (ease of use), the effort expectancy, the social influence, and the
facilitating conditions [Ven91].

The key influencing factors concerning the user acceptance affect the suitable
test type, test environment and measuring tools. Using these aspects, a classifica-
tion of evaluations is done within this contribution. Table 1 shows an overview of
classification criteria of evaluations, which are described in more detail below.

2.1 Target of the Evaluation

A variety of reasons may lead to the need for an evaluation. A manufacturer or
developer of a wearable aid may target to identify product characteristics or decide
to compare a new product with the state of the art in order to identify advantages and
disadvantages of the product and derive areas for improvement. Researchers can use
the comparison with the state of the art to show the novelty of the innovation.

Users usually compare different aids, often various brands, in order to identify
products fitting to their specific application and environment. A systematic process
to identify requirements for industrial production can be found in [Goel6].
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Table 1 Classification criteria: the main aspects for user acceptance influence the test design. Tests
can be grouped by their target, design type, test environment and measuring tool.

Main aspects for user acceptance

Target — Identify product characteristics
— Compare new product with state of the art
— Compare different products

Type [Ren91] — Technical test

— Ergonomics assessment:
— User trial
— Expert appraisal
— Performance test

Test environment — Field study
— Laboratory conditions

Measuring tool — Subjective (questionnaire, observer, ...)
— Objective (EMG, interaction forces, ...)

2.2 Types of Test

Wearable aids can be evaluated in technical tests or by ergonomics assessments.
Technical tests examine the characteristics of a product and can verify the function-
ality of the aid. Technical tests can therefore assess some fundamental aspects of
user acceptance, like efficiency and reliability. Nevertheless, technical tests are not
able to evaluate all aspects of user acceptability.

Ergonomic tests ensure that the products are safe and convenient when in use.
There are three types of tests which are the user trial, the expert appraisal and the
performance test [Ren91].

In a user trial, potential or actual users are asked to use the product for a certain
length of time. The sample of test persons should be drawn from the population
most likely to use the product [Ren91]. For wearable aids, this is usually a group of
patients with specific disabilities or people doing similar tasks at work. In [Ren91]
the author claims that it is generally more effective to examine a few selected users
in-depth instead of studying large samples in less detail. As social influences affect
the user acceptability [Ven03], characteristics like age, sex and previous experience
level should be considered. Since this chapter focuses on wearable aids with an
intensive human-machine interface, anthropometric dimensions of the test persons
have to be taken into account, too.

A test scenario independent of the user is the expert appraisal, in which experts
evaluate the product using their experience and knowledge. The implementation of
this test type is usually less complex than a user trial and therefore more feasible at
less costs.

Performance tests simulate the use of the product without actually involving
human subjects. This test type is appropriate when there may otherwise be a risk
to the user. Within a performance test, usually physical measurements are conducted
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and connected to data on human abilities and limitations, e.g., using simulations. An
example of such a test using a humanoid robot is shown in [Miul3, Imal4].

2.3 Test Environment

The evaluation can be either conducted in a natural environment (field study) or
under laboratory conditions. While simple products or single features of a product
can be tested under laboratory conditions within a short time, more complex products
should be tested by the user over a longer period of time and under various situations,
which is usually not feasible in a laboratory. Field trials are usually less controlled
and difficult to observe but offer a realistic interaction [Ren91].

2.4 Measuring Tool

Depending on the measuring tool, a subjective or objective study is conducted. It
is also possible to use several measuring tools within one study and therefore to
combine subjective and objective methods.

Subjective tools usually rely on personal opinions and statements. The most com-
mon subjective measuring tool is a questionnaire [e.g., Birl7, Lob16]. The type of
data that is required (norminal, ordinal, interval, ratio) influences the choice of scale
for the questionnaire (e.g., dichotomous scale, rating scale, semantic differential
scale). Furthermore, observers and video recording can be used to analyze the user’s
interaction with the wearable aid.

Objective studies are based on the observation of measurable facts. A common
instrument to show that a wearable aid reduces the user’s physical effort is the EMG
measurement [e.g., Dij11, Saw08]. In order to prove that an exoskeleton reduces the
wearer’s metabolic cost, O, consumption and CO, production are measured using a
gas analysis of the breathing air [e.g., Gall7, Seol6]. To assess the physical human-
machine-interface the pressure distribution [e.g., Ros11, BelO8] or interaction forces
[e.g., Rat16, Sch08] can be measured.

3 Case Study: Evaluation of a Passive Force Assisting Suit
for Care Givers

Within this section, an exemplary evaluation of wearable aids is presented. This
study aims to compare two force assisting suits and evaluate their user acceptance at
a nursing home (user trial). It should reveal some requirements for practical use and
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show important aspects for developers of wearable aids for nurses. We assessed the
subjective perception of the nurses using questionnaires.

3.1 Motivation

Nurses show an increased risk for musculoskeletal complaints [Eng96]. Especially
in geriatric nursing low back neuromuscular fatigue after work was shown and
nurses judged patient lifting, transfer, and turning as most physically demanding
tasks [HuiO1]. Tools like patient lifts, transfer boards, sliding aids and belts for sup-
port can reduce the physical work load. Their rare application is often justified by
additional expenditure of time. Wearable aids offer an alternative, without the need
of being carried to the operation site.

This study therefore evaluates the user acceptance of two Japanese passive force
assisting suits in a German nursing home. Both suits are based on the same operation
principle: Elastic belts over torso and buttocks are stretched while bending the upper
body forward. Thus, the necessary force for performing actions in this body posture
and for raising the torso should be reduced.

3.2 Method

Within this study, suit A and B have been worn during usual care work for one shift by
8 and 6 geriatric nurses, respectively. Therefore, this evaluation was a field study, as a
natural setting was chosen. A quasi-experimental design was realized, because a nat-
ural group (caregivers at one nursing home) was investigated and no randomization
in regard to the test persons was possible. The composition of participants is shown
in Table 2. Because 84% of German nurses in patient care are female [Des15], this
group allows conclusions for the relevant occupational group. Although this evalua-
tion is based on a small sample, this first systematic survey allows an estimation of the
user acceptance and reveals through the application in the usual work environment
some practical requirements for such force assisting suits.

Table 2 Composition of participants with sex and age
Suit A Suit B

Sex Male
Female
Age 25-29
30-39
40-49
50-59
60-65

O NN W= 0O
—_—_—_—N—= O
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3.2.1 Test Objects

For one of the suits (suit A, a and b in Fig. 1) several studies conducted by the devel-
opers themselves concerning the effectiveness of the aid are published. They include
EMG measurements [Imal 1a], assessment of the postural stabilization [Imal3], field
studies with nurses and questionnaires [Imal la, Imal 1b], and the evaluation with a
humanoid robot [Miul3, Imal4]. About the second suit (suit B, ¢ and d in Fig. 1)
only some basic manufacturer specifications were known before the evaluation.

3.2.2 Measurement Instrument Questionnaire

Using a questionnaire, the subjective perception in quantitative parameters concern-
ing the support effect and comfort as significant impacts on the user acceptance were
assessed. In order to specify those two aspects, the participants could give further
statements. Regarding the support effect, participants were invited to state if their
muscle fatigue was reduced and whether an upright posture was assisted. In order
to rate the comfort, they could state if pressure marks exist and if the suit obtains
the full moving space. Finally, the participants were asked if they would use the suit
again.

All test persons filled in the questionnaire prompt after wearing the suit. The
questions were answered with visual analog scales from 0 to 100%, whereby 0%
corresponded to a limitation and 100% corresponded to a benefit. The scales were
read in 5%-intervals.

(a) (b) (d)

o 4

Fig. 1 Suit A (aand b): crossed belts beneath the vest are stretched when bending the torso forward.
Suit B (¢ and d): crossed belts on the back and belts behind the thighs are stretched when bending
the torso and knees



User Acceptance Evaluation of Wearable Aids 253

3.3 Analysis and Results

The assessment by nurses in the form of 8 questionnaires of suit A and of 6 question-
naires of suit B were analyzed. Since there was no normal distribution and only small
sample sizes, we evaluated the data by means of characteristic values like median,
median absolute deviation (MAD) and range. In order to visualize this data, boxplots
were used (see Fig. 2).

We also showed a correlation between the subjectively felt comfort and the will-
ingness to use the suit again. A scatter diagram (see Fig. 3) indicates a correlation
between the two factors. We confirmed this relation by a hypothesis test using the
Spearman’s rank correlation coefficient.

4 Summary and Conclusion

In order to ensure the application of wearable aids their user acceptance has to be on
a high level. For the evaluation of this key factor a classification regarding the target,
type, environment and measurement tool is presented which aims to help developers
and researchers as well as potential users to design assessments and rank existing
studies. Within a case study the evaluation of two different force assisting passive
suits are presented with the aim to show exemplary important steps of an assessment.

It was shown that the extent of an evaluation regarding wearable aids can vary
considerably and has to be chosen carefully considering the aim of the study. The
results of an evaluation help developers and users to guide their future work on the
product by the identification of limitations and strengths. Moreover, a systematic
evaluation supports users to identify suitable products meeting the needs of their
application.

benefit Suit A Suit B
100 | 100 | Question:
80 ] 80 . 1: Supportive
5 60 5 60 function
(]
S S S DO S - I U O N W | 4: Comfort
c .
< 40 < 40 7: Use again
20 | 20 |
L | |
0 — 0 !
1 4 7 1 4 7
limitation  question Question

Fig. 2 Boxplots of answers for key questions for Suit A and B: the visualization shows more
favorable valuation of Suit B
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Abstract Failure to pay attention to ethical, legal, and social aspects or impacts
(ELSA/ELSI) of technology can have considerable negative repercussions like lack
of acceptance of a new technology, product, or service among prospective users
and thus economic failure. Furthermore, funding institutions expect researchers and
developers taking ELSA into account; in the EU, this is called Responsible Research
& Innovation. In order to implement this concept in R&D, tools are needed; in
what follows MEESTAR and its successor MEESTAR? shall be presented. Initially
developed for the ethical evaluation of ambient assisted living systems, MEESTAR?
can also be used to evaluate other technologies.

1 Introduction

For some years now and particularly in the context of publicly funded basic research
as well as in funded R&D it has increasingly been emphasized that the development
of new technology, products, and services must not only focus on technology itself,
but that its impact on individuals, social groups, societies, or the environment must
also be investigated in advance in order to minimize or even prevent negative reper-
cussions and strengthen positive effects. This requirement originates from the field of
technology assessment; today it is referred to as considering ethical, legal, and social
aspects or impacts of technology—in short ELSA or ELSI. The European Commis-
sion speaks about “Responsible Research & Innovation” (RRI) [EUCI12] and calls
for this concept to be taken into account in all EU-funded projects regardless of the
thematic scope.

There are different views on the meaning of RRI [Bur17] and there are just as many
tools to integrate ethical considerations into development of technology [Reil 7]. The
following is a tool that was originally developed on behalf of the German Federal
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Ministry of Education and Research (BMBF) for the ethical evaluation of ambi-
ent assisted living (AAL) systems. However, MEESTAR can also be used in other
contexts if appropriate adjustments are made.

In what follows, the history of MEESTAR’s development is briefly described,
then the link to other ethical evaluation tools is shown and finally, it is illustrated
how MEESTAR? as a follow-up can be used with regard to technology other than
AAL.

2 Demographic Change, Care, and Technology

In response to the demographic change that takes place not only in Germany but in
many other industrialized countries, it has been discussed for some time to massively
employ technology in healthcare to meet the societal challenges caused by this change
and to contribute at least to the following aims: (a) Technology shall contribute to
reduce costs in healthcare since demographic change could lead to considerable
funding gaps in social security systems and also raise questions of intergenerational
justice. (b) Since already today healthcare providers have considerable difficulties
in meeting their labor requirements, technology also shall help preventing labor
shortages. (c) Additionally, it is intended to help nurses as well as informal caregivers
in carrying out stressful activities to prevent serious health problems on their side. (d)
Technology shall help to provide healthcare in rural and remote areas with inadequate
workforce. (e) Last but not least, age-appropriate assistive systems are supposed to
help open up new markets and thus promote economic prosperity.

Age-appropriate assistive or AAL systems cover, for example, computer games
designed to help maintain mental fitness and performance, especially for the elderly,
tele-monitoring and telecare systems to provide healthcare particularly in rural and
remote areas, social robots such as Paro, and highly networked systems as well as
service and household robots that help people with physical and mental handicaps
to live (more) independently (cf. [Ras13]). Although this list is certainly not exhaus-
tive, it already shows the diversity of AAL systems; it makes also clear that all these
systems focus on human interaction. This raises questions that are also relevant in
relation to other technologies and already suggests that a tool for the ethical evalu-
ation of AAL systems probably could also be used in other contexts: For instance,
with regard to cyber-physical systems it is very likely that the deployment of mas-
sively interconnected systems will increase productivity, but at the same time exert
increased performance pressure on employees through the collection of behavioral
data; the use of collaborative robots for human-technology interaction in production
processes could lead to competition between safety and usability; the benefits of new
digital production methods could be unfairly distributed among companies and their
employees—this rather short list of examples already shows that normative conflicts
can surely be found in industrial environments. Therefore, it makes sense to look for
ways of minimizing or completely preventing such conflicts in advance. Although
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initially developed to only be used in the context of AAL systems MEESTAR is a
tool that can help with identifying normative conflicts and with the development of
possible solutions.

3 MEESTAR

No matter how promising AAL systems seem to be, the use of technology aimed at
supporting elderly persons raises far-reaching social and normative questions. This
makes it necessary to evaluate possible effects of technology on stakeholders as well
as on moral norms and values not only before (or even after) its deployment, but also
before and during its development. Among other things, this includes a critical look
at leitmotifs of AAL systems: Information presented at trade fairs, conferences, or
on the Internet most often show seniors who are seemingly in a dazzling physical and
psychological state. But even nowadays age is not only defined by grey haired but
still attractive women and men, but rather often means illness, infirmity, suffering,
and complete dependence on the help of others—elderly persons belong to a group
of people who are vulnerable in many ways. A central task of applied ethics is to
challenge biased images and role models of age, to hint at the diversity of existing
and possible ways of life and to communicate both positive and negative aspects of
old age.

The discrepancy between idealized and realistic images of age and ageing may
have been one reason for the BMBF to recognize the need for research concerning
normative questions raised by AAL systems and its commissioning of a project
for the ethical evaluation of this technology in 2012 [Man15]. Main objectives of
that project were to identify relevant moral values (called ‘dimensions’) of AAL
systems, the development of an ethical evaluation tool, and the formulation of (fifteen)
guidelines aimed at all relevant stakeholders in the context of AAL systems like
system developers, patients and users, nurses, healthcare providers, and relatives.
The tool being developed in this project is called MEESTAR for ‘Model for the
ethical evaluation of socio-technical arrangements’ which primary objective is to
generate awareness of moral problems on the part of as many stakeholders as possible.
However, it has often been shown in past applications that MEESTAR can also
contribute to look at non-ethical aspects of AAL systems from rather unexpected
perspectives, as stakeholders who are otherwise often not consulted during the design
and development process get a voice.

It must be emphasized that the use of MEESTAR cannot and must not be aimed at
unconditional acceptance or fundamental rejection of technology, but must always
intended to answer situation-dependent considerations like: Are we confronted with
a situation in which technology is really the solution? Would a high-tech or low-tech
version make more sense? Should permanent or temporary solutions be sought? Do
wereally need all the data the system shall gather or can we reduce the amount of data?
MEESTAR shall make trade-offs of each considered alternative explicit and visible to
all stakeholders in order to enable them to assess benefits and burdens, opportunities
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and risks, advantages and disadvantages, profits and costs of technology on the basis
of reliable information. For responsible decisions can only be made by stakeholders
on a well-informed basis. The aim should be to ensure that an ethical evaluation,
contrary to the classic waterfall model of technology development, is carried out not
only once and then most likely at the end of the development process, or even as
late as when companies push their products into the market, but already during the
design and development phases of these products and in the best case iteratively, in
order to receive feedback time and again on how the product fits the expectations of
stakeholders.

4 Extended MEESTAR: MEESTAR?

One important methodical challenge for MEESTAR that must not be neglected is that
it might influence the involved stakeholders in their judgments; in this regard this tool
is no different from other (social science) survey methods. Proposing certain moral
values represented by the so-called ‘dimensions’ harbors considerable potential for
influencing the evaluation process since, among other aspects, participants could not
take other moral values into account and are confronted with preconceptions con-
cerning the meaning of those moral values. Even though this can only be regarded as
an anecdotal evidence so far, it should be noted that the use of MEESTAR in educa-
tional research projects as well as in the evaluation of R&D projects has repeatedly
shown that, from the point of view of the stakeholders involved, the selection of the
normative dimensions does not prove to be self-evident, appears to be worthy of
discussion and requires a more systematic justification than has been available so
far. All of these facts suggest that MEESTAR should be further developed, e.g. in
order to better justify the normative dimensions or revise their selection.

An extended version of MEESTAR could be based on a number of established
approaches and methods in the field of ethics of technology, Health Technology
Assessment, and participatory technology design. In this regard, particularly the
approach of Value Sensitive Design (VSD) has to be mentioned which was prop-
agated by Batya Friedman [Fri96] and explicitly aims at recognizing those moral
values (what in MEESTAR is referred to as ‘dimensions’) that could be affected
by a particular design of technology. VSD’s methodology can thus be used to sys-
tematically identify moral dimensions for MEESTAR, which can then be ethically
evaluated. This entails additional efforts, which, in view of the generally rather scarce
resources devoted to ethical, legal, and social aspects of technology, will often not be
easy to achieve. One way of minimizing this problem could be to search the extensive
literature on VSD in the context of various technologies to find out which relevant
standards and values have already been identified there.

A certain similarity of MEESTAR can also be found in relation to the Ethi-
cal Matrix [Mep00]. This method is intended to use the four basic principles of
Beauchamp and Childress [Bea06] (autonomy, beneficence, non-maleficence, and
justice) to evaluate the consequences of the use of technology with regard to the
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promotion or violation of these principles. It is obvious that these can be translated
almost entirely directly into MEESTAR dimensions, such as in the case of self-
determination and privacy, which fall under autonomy, care and participation under
beneficence, security under non-maleficence, and justice can be translated directly;
only the dimension of self-perception cannot be readily translated into one of the four
principles. Indeed, self-perception is the one dimension that has provoked the most
debates in MEESTAR workshops held so far, be it in student or R&D projects. Actu-
ally, this dimension is intended to stimulate the MEESTAR participants to reflect,
for instance, on possible changes in their own professions through technology and
to evaluate these changes from a moral point of view.

Although the above-mentioned principles were initially developed for the medical
field, they have become the basis for a variety of ethical evaluation methods [Reil7]:
Security has high priority especially in industrial production processes, where data
protection and privacy are also playing an increasingly important role. However,
undoubtedly not for all MEESTAR dimensions an equivalent can be found in indus-
trial contexts—a basic idea of MEESTAR? is that the relevant normative dimensions
are also negotiated among stakeholders and only then does the actual evaluation
begin. For instance, it is very likely that usability will be an important dimension.
Actually, the dimensions must not be ‘normative’ in a narrow sense; they must only
meet the condition to be of value for the stakeholders. If the evaluation then reveals
that the technology under investigation does not adequately support this dimension,
the demands of the stakeholders cannot be implemented appropriately; a possible
consequence of this is a lack of acceptance (Fig. 1).
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Fig. 1 Flow chart of MEESTAR?
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5 Necessary Further Steps

There is indeed a close connection between normative technology assessment on
the one hand and participatory technology design and acceptance of technology on
the other. For technology acceptance research the inclusion of prospective users is
methodologically indispensable in order to establish acceptance or rejection. It is
irrelevant whether a simple or a more sophisticated technology acceptance model is
used—in all models user preferences have to be determined. If the results of these
analyses are then taken into account in the design of technology, one has come very
close to participatory technology design. In fact, MEESTAR? can be seen as a part of
arequirements engineering including moral requirements. With regard to engineers,
develepers, designers and the like it seems to be a good idea to “sell” MEESTAR?
primarily not as an ethical evaluation tool but as a method to evaluate user or, better
to say, stakeholder requirements.

There is at least one more important desideratum: From the point of view of
those who are to design and develop technology, it would probably be reasonable
if (extended) MEESTAR would prioritize moral dimensions. Up to now, these have
been on an equal footing; the original idea behind it was that the employment of
MEESTAR is primarily aimed at the development of problem-solving proposals to
mitigate or remedy moral concerns with regard to technology. However, it is quite
conceivable and even very likely that moral values are in competition with each other.
In such a situation, prioritization, which also might be necessary due to legal require-
ments like industrial safety or privacy legislation and/or other laws, would certainly
be helpful concerning the design of a product and/or service. If prioritization is also
carried out within the framework of a MEESTAR? run, if necessary by taking legal
requirements into account, this would also have the advantage that the stakeholders
involved would have to give mutual account of their decisions about their choices
concerning prioritization. The justifications and arguments thus gained might also
be helpful for the design process.

6 Summary

IfMEESTAR is understood as a kind of discourse ethics approach, its benefitbecomes
evident: If the participants make an evaluation (of course, this process has to satisfy
certain conditions) that the technology under scrutiny can be described normatively
as being good, this technology is acceptable from a moral point of view. This should
always be done against the background of different expertise and interests—hence
the aim of involving various stakeholders in the MEESTAR process.

For economic reasons alone, it makes sense to evaluate technology at early stages
of design and development with respect to the normative expectations of stakeholders.
Thus, it belongs to the context of participatory or constructive technology assessment.
This not only represents an ethical demand in the sense of empowerment, but also
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a method to ensure acceptability and usability. It also promotes value-based design
of technology and thus follows the EU’s approach of Responsible Research and
Innovation.
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Legal Responsibility in the Case )
of Robotics oo

Susanne Beck

Abstract The development of robotics poses problems in terms of ascribing respon-
sibility to specific individuals. This could leave the person whose rights are violated
by a robot without possibility to receive damages or, in general, making someone
legally responsible for the damage done. Several possible solutions to these problems
posed by the technological developments are discussed, such as the introduction of
the so-called “electronic person”. But these solutions will have repercussions on
social concepts such as personhood, dignity, or responsibility. The article will ana-
lyze some of the legal problems posed by robotics, will show and discuss some of
the discussed solutions and their possibleconsequences.

1 Introduction

Robotics is one of the most important technologies of our time and will become
more relevant in many areas of life in the years to come. At least in some contexts,
machines will become more and more “autonomous”’ by approximating human
thought patterns [Wen09]. These machines will facilitate everyday life, extend the

!In the following, “autonomous” is used in a broad sense, meaning nothing more than a certain space
for decision-making for the machine. For a project working on different understandings of autonomy
and their changes because of new human-technology interactions see http://www.isi.fraunhofer.de/
isi-de/v/projekte/WAK-MTL.php. Of course, notions such as “decision” or “learning”, which I will
have to use at some points in this paper, are not meant to imply that these processes are similar
to human processes of deciding or learning—instead, these are always insufficient analogies (see
to the criticism about the similarity argument below). Still, until now, there are no more adequate
notions to describe the processes, and the analogies do represent the minimum resemblance between
humans and machines which is, inter alia, problematic.

This article is a short version of the former publication “The problem of ascribing legal responsibility
in the case of robotics”, AI & SOCIETY 2015.
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time, the elderly can live at home, and might, to a certain extent, even replace social
(human) contacts and fulfil emotional needs. They will relieve humans of specific
tasks and decisions, and it is possible that for some tasks the decision of a machine
might even be quicker, more rational, and more informed than a human decision.?
Like any other technological development, the progress of robotics will pose new
challenges for the normative systems of society, morality, and the law, e.g., ascribing
responsibility will become more difficult because of the autonomy of the machines.
Regulations for human behaviour—including the programming and use of these
machines—will have to be developed and existing norms will have to be adapted.
In the following, I will give an overview over the problems with ascribing legal
responsibility that occurred due to the recent developments in robotics and discuss
some possible solutions. The focus will lie on tort law and product liability as one
of the main actual challenges for robotics and as striking example for the problems
and possible solutions of legal responsibility ascription.

2 Responsibility Ascription for Damages

The recent developments in robotics pose enormous difficulties for the legal system.
While—as we will see in the following—robotics is a collaborative project where
some responsibility is even transferred onto a machine, the legal system is, tradition-
ally, oriented towards individual responsibility and therefore has difficulties to cope
with this technology.

Some of the responsibility ascription problems posed by robotics can be shown
by trying to answer the—in this context often discussed—question about the legal
consequences of an autonomous robot damaging a third party.’

2.1 The Robot Causing Damage Because of Manufacturing
Defects

One possible scenario is that the damage* has been—provably—caused by manufac-
turing defects.’ In this case, the responsibility ascription does not pose any additional
problems in the case of robotics, as can, e.g., be shown on an EU-level: The Product

2«Fortunately, these potential failings of man [passion for inflicting harm, cruel thirst for vengeance,
unpacific and relentless spirit, fever of revolt, lust of power, etc.] need not be replicated in
autonomous battlefiled robots” [Ark08, p. 2].

3The following aspects are discussed in more detail in [EuR13].

“For the purposes of the Product Liability Directive 85/374, “damage” means (Article 9) damage
caused by death or by personal injuries; damage to an item of property intended for private use or
consumption other than the defective product itself.

3 Article 6 product liability Directive 85/374 states that a product is defective when “ir does not
provide the safety which a person is entitled to expect, taking all circumstances into account,
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Liability Directive 85/374 imposes the principle of strict liability (liability without
culpability) on the producer if the damage was caused by a defective product. If more
than one person (manufacturer, supplier, or importer) is liable for the same damage,
the consequence is joint liability.

The main challenge of this scenario is that the burden of proof for the actual
damage, the defect in the product, and the causal link between damage and defect
lies with the wronged party—no proof is necessary for the negligent or faulty behavior
on the part of the producer or importer, though, because of their strict liability. Strict
liability is based on a decision by the lawmaker that one party is responsible for
a specific damage even if the social inadequacy of the action cannot be proven.
The reason for this decision is, usually, that this party is the one profiting the most,
controlling the process, and in most cases actually causing the damage by some
mistake. But even the proof of the defect itself could be difficult in the case of
robotics, especially if the computer program is complex and not readable ex post.

Under specific circumstances, the producer can excuse himself from strict liabil-
ity, for example, if he can prove (Art. 7): “(e) that the state of scientific and technical
knowledge at the time when he put the product into circulation was not such as to
enable the existence of the defect to be discovered; or (f) in the case of a manufacturer
of a component, that the defect is attributable to the design of the product in which
the component has been fitted or to the instructions given by the manufacturer of the
product”.

Both cases are likely to be relevant for robots. Because of the strong research
activity, it is probable that new findings show deficiencies of former versions of
Al-programs—thus also showing that the producer could not have acted differently.
And because in most cases different manufacturers (and programmers) contribute to
a robot, it also is quite possible that one of the manufacturers of a component can
show that the design or instructions lead to defects thus freeing himself from liability
and transferring it to the designer or instruction giver. It is difficult to draw an exact
line for the possibility of manufacturers to refer to the state-of-the-art defence just
yet—for this one we will have to await jurisprudence on the topic of autonomous
machines. But one has to keep in mind that the people researching, producing, and
using robots know about the uncertainties of these machines.

including:(a) the presentation of the product;(b) the use to which it could reasonably be expected
that the product would be put;(c) the time when the product was put into circulation”.

%The producer is freed from all liability if he proves (Article 7): “(a) that he did not put the product
into circulation; or (b) that, having regard to the circumstances, it is probable that the defect which
caused the damage did not exist at the time when the product was put into circulation by him or
that this defect came into being afterwards; or (c) that the product was neither manufactured by
him for sale or any form of distribution for economic purpose nor manufactured or distributed
by him in the course of his business; or (d) that the defect is due to compliance of the product
with mandatory regulations issued by the public authorities; or (e) that the state of scientific and
technical knowledge at the time when he put the product into circulation was not such as to enable
the existence of the defect to be discovered; or (f) in the case of a manufacturer of a component,
that the defect is attributable to the design of the product in which the component has been fitted or
to the instructions given by the manufacturer of the product”.
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Although these aspects challenge the attribution of existing law in a new area,
still, a conscious interpretation will probably be able to solve these problems and thus
adapt the laws to the characteristics of robots as products. One has to be aware of the
difficulties to prove the mistake in a program as complex as used for “autonomous”
robots, though. Thus, it can be stated that the more complex the robot is, the more
autonomous the machine acts, and the more difficult it becomes for the wronged
party to prove the link between a specific mistake of one of the parties involved and
the damage.

2.2 Robots as Products? Mistakes as Defects?

When adapting the existing laws, one could already question if the premise to treat
robots as mere products is convincing. This premise is challengeable by the fact that
soon robots could be equipped with an adaptive and learning ability. These features
necessarily involve a certain degree of unpredictability and uncontrollability in the
robots’ behavior: Because of the increase in experience gained by the robot on its
own, the robot’s conduct cannot be planned in its entirety anymore.

This does not only lead to doubts about the product-quality of robots, but also to
the question whether every “mistake” by the robot is necessarily caused by a defect
in the legal sense [Bos11]. If robots with adaptive and learning capabilities’ are left
free to interact with humans in a non-supervised environment, they could react to
new inputs they received in an unpredictable way. If a robot then causes damage
to a third party because of these reactions it is hardly plausible that the robot was
defect; it did what it was supposed to do: It reacted to new inputs and adapted its
behavior—thus the machine is not defective as such.

Currently, there are no tort regulations for such cases. The creation of an analogy
to the regulations for owners of animals is sometimes discussed; an argument for
such an analogy could be that the underlying conflict is adequately similar—in both
cases, the actions of animal/machine are partly unpredictable but can be influenced
by training and control. Also, the limits between objects and animals—mainly the
ability to move freely in the surrounding space—have been overcome by robots. One
could even think about assuming the parental model, comparing cognitive robots
to children who learn during their own path of growth. Minors act due to their
upbringing and should be guided by their parents, robots act due to the behaviour
they were taught and must be instructed by the user. More abstractly, one can surely
set certain guidelines for dealing with these kinds of machines: The higher the robot’s
capability to learn, the lower the producer’s responsibility; the longer the duration of
a robot’s instruction, the greater the responsibility of its owner. This only accounts

7First of all, again, the notions of adaptation and learning are meant only as analogies to human
processes. Second, it is important to note that, although in many ways the problem of “many hands”
[Jon82] is relevant here, the possibility of learning and adaption is, in fact, the crucial difference.
Because this development is inbuilt into the machine, one does not only deal with side-effects of
cooperation but with intended effects of uncontrolled development of machines.
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for acquired abilities (resulting from instruction) which therefore should be set apart
strictly from programmed characteristics not changeable by learning or education.

Besides these guidelines one should think about possible legal concepts to solve
the underlying conflict in a more abstract way (behind the idea of transferring the
mentioned legal concepts onto the situation here one obviously also finds abstract
principles).

The most relevant conceptual solutions to the problem that robots—in opposition
to normal products—might be trained by the user, might act unpredictable, and
might cause damage in specific situations without there being a defect or necessarily
a misuse, are:

(1) One of the human parties is regarded as generally liable, e.g., the user. This
is how, for example, the law handles parking distance control systems at the
moment.® The solutions to apply laws concerning pet owners or parents are
based on this idea as well. The reasoning behind this solution is that the user is
the one training the robot, deciding to use it in a specific situation and relying
on it (e.g., not controlling it sufficiently). On the other hand, this is not just
problematic in situations in which the damage really was a defect—often it also
contradicts the idea of using a machine to relieve the user if he has to control it.

(2) Only the human party is liable who, provably, made a mistake. This legal con-
cept is based on the idea that one, generally, is only liable for the damage one
provably has caused intentionally or negligently. The legal exceptions to this
principle are, usually, made explicit and concerned with situations in which
disproportionate social power has to be balanced. This solution would put the
burden of proof onto the third (wronged) party, posing a strong hindrance to
their likelihood of receiving damages. Therefore, this solution is probably the
most questionable because in these cases the control over the machine, as well
as the advantages of its usage, actually lie at least as much with all other parties
involved (programmer, producer, user) who profit from the purchase as with the
third party.

(3) The consequence of the latter aspect and the insufficiencies of traditional
solutions could be that all human parties “behind” the robot (researcher, pro-
grammer, producer, user) are transformed into a new legal entity (“electronic
person”—more on this concept later). This does not, per se, solve all problems
and does not necessarily exclude other solutions but gives the third party a
kind of addressee, at least for its financial claims. Thus, the concept is meant
to disburden the damaged party of having to prove who of all the parties is
actually responsible for the damage in question. Thereby financial recovery
is ensured: It is, e.g., thinkable that the user of the robot is, compared to the
producer, not able to recover all damages. In such cases, one of the other parties
can be obliged to pay for the damages as well. One has to be aware, though, that
this concept can serve as hide-out for the responsible individuals (as can, e.g.,
corporate liability). Thus, one has to ensure that this solution does not hinder
choosing other legal ways, either for the third party or for the other participants,

8See Amtsgericht Miinchen, Urteil vom 19.7.2007 — Az.: 275 C 15658/07, NJW RR 2008, 40.
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to adjudge the individual responsible if someone actually has made a mistake.
It also has to be legally communicated that this possibility and financial deposit
cannot justify the building of robots which endanger others. One way to
communicate this legally could be to strengthen criminal sanctions in this area
of life for (grossly) negligent behaviour and ensure the prosecutions in practice.

(4) One could even, e.g., for socially useful robots (e.g., garbage collecting robots),
think about transferring part of the damages onto the society itself, meaning
the tax payer would have to help out in the case in which the origin of the
mistake cannot be proven. This is based on the argument that whoever profits
from the usage of the machine should also be—at least partly—liable for any
financial disadvantages of third parties. Again, as in the case of the electronic
person, one should not only focus on this construct but still encourage those
possibilities where individuals are made responsible for their actions and
decisions if inadequately dangerous.

These are just some legal suggestions (mainly focusing on private law) which
are not all equally persuasive but some of them could be combined in various ways.
They all stem from the specific balancing of certain aspects relevant to the decision
about (financial) responsibility for damage: causation, responsibility-sphere (control
of production process; decision about usage), risk-predictability and social adequacy
of risk, advantages of usage, etc. These are only some aspects showing the complexity
of the responsibility question—although the question here is only what happens after
an “autonomous” robot caused damage.

3 Responsibility for Risks and Side Effects

Besides asking the question of responsibility for damages, one also has to discuss
another responsibility ascription problem: Who is responsible (prospectively) for the
decision about the areas of life in which one actually should use robots?’ Obviously,
as for any new product, this is the decision of the single researcher who is interested in
further developing specific capacities of the machines, as well as one of the producer
who brings the product to market and also of the customers who are either interested
in buying it or not. But it also is for other institutions to contribute to the decision,
especially for research funds (by financing only specific research), insurance compa-
nies (by ensuring under certain conditions), and political institutions (by giving out
licenses). Also, the legislator can either facilitate or hinder the introduction of robots

9This is not a typical legal question, thus it is not discussed in depth here—the background aspects
would also probably require a different paper. It is mainly for politics (and ethics, political and social
sciences) to discuss this question in more detail. Still, I think it should be mentioned because until
now, the main focus of the debate lies on the question of responsibility after damaging a third party.
For this to happen, one has to decide beforehand if robots should actually be used in a certain area
of life. This question is rarely discussed—in public as well as in the academic debate—although
it should, in my eyes, be the first step before discussing responsibility for damages. For further
inspiration see, inter alia, [Bro08].
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to certain areas of life, for example by deciding in favour of one of the mentioned
solutions for the responsibility for damages (the less reparations the programmer and
producer have to fear to have to pay out, the more likely the introduction to market
will be). Again, this is the same for every new technology. Still, these decisions about
the development of the society in this field create responsibilities—not just because
of the high costs of the development of robots, but also because in many ways, these
developments will be connected to aspects of social justice (health, care, mobility
for elderly, education, etc.).

Finally, the question in which areas one can accept robots will depend on their
potential for damage. Because even if one could solve the problem of financial
compensation, not all immaterial damages can be fully compensated for. Thus, it
might be regarded as inadequate to actually expose third parties to a risk in certain
areas, if the social advantage of the robot is not high enough. Surely, this is not only
a problem encountered by robotics but by all technologies which expose third parties
to risks. Still, one has to be aware that it has to be discussed in detail who should
make these decisions and how it can be ensured that they mirror the interests of the
society.

This is important because “risk” in this context does not only mean the damage
to third parties: There are also the risks of certain unwanted side effects. Again, it
can be said that most new technologies are accompanied by doubts about possible
slippery slopes (be it the loss of numerous work places because of robots, decreasing
human contact in society, the usage of Autonomous Weapon Systems by terrorists).
Still, it is not surprising and has to be taken seriously that these concerns are raised
in the case of robotics: robots nursing the elderly or baby-sitting, taking over human
communication, giving advice or waging wars will surely change our perception of
social interactions and challenge our understanding of “social” [Fit13].

4 Responsibility in spite of Responsibility-Transfer

One idea of developing more and more autonomous machines is to transfer respon-
sibility onto machines: Overwhelmed by the sometimes called “tyranny of choice”
in complex situations in everyday life entailing endless and unforeseeable risks of
damaging third parties, we nowadays tend to react with technology. We are building
machines not just to decide how to find the best way in traffic or to get our car into a
parking lot, not just to remind us to take our medication or to buy food as soon as the
fridge is empty—we are even building machines to decide about life and death of
other human beings. This development poses, in my opinion, a responsibility ascrip-
tion problem per se: When machines take over decisions, new questions will arise
not just if something goes wrong, but for each and every decision made by machines:
Who is the responding entity? Can the machine respond in a way that is necessary
for the social and legal construct of responsibility?
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The problem of this responsibility transfer can be seen by looking at the potential
social reactions to decisions of machines [Bot14]. To a certain extent, social problems
could arise because of the differing perception of humans and machines. It seems
plausible that it is, for most humans, harder to forgive a machine if it makes a decision
which affects a human life—not just if this decision was wrong, but also, if a correct
decision has negative effects, e.g., if a robot would tell an employee that because of
the calculation of a computer program he loses his job (or write an email of which
one knows it is written by a machine) or—coming back to the drastic demonstrative
example of the military—if the robot decides without involving a human that a human
life has to end. Because of society’s doubts whether a machine can actually be the
one responding to make such decisions, it is debated if it were a violation of human
dignity to let a machine make this life-or-death decision [Hey13]. The argument goes
that human dignity includes the right that a human being has to decide on the end of
human lives, that a human being has to live with and “respond” to the consequences
of this decision.

But the military is not the only area in which the necessity of human response could
exclude the transfer of decision making onto machines, even if factually possible and
sometimes even if the machine might make less mistakes than human beings. This
necessity is also likely in—just to name a few examples—the medical area, education,
care for the elderly, and the law. Human response being a social condition for certain
decisions at the moment does not mean that this condition will lose importance when
social concepts are changing (more on that in a minute). It will have to be discussed in
every situation if this condition has to be respected for now, if it has already changed,
what human response means in a specific context, etc.

S Conclusion and Repercussions

As shown, the development of robotics does pose responsibility ascription problems
not just in the case of robots causing damage to third parties. It also means that one
has to remember one’s responsibility in directing this development of autonomous
machines—already research and production in this context creates a specific kind
of future, and the people doing this should be aware of their responsibility. This is
even more the case if they intentionally transfer responsibility for certain kinds of
decisions onto machines. For some of these problems, more or less pragmatic legal
solutions can be found. Not just these solutions—for example the introduction of a
new kind of legal person—but also the development of designing machines for taking
over specific decisions will have repercussions onto social and normative concepts
such as responsibility.

Thus, discussing responsibility and potential legal status in the context of robotics
means more than asking the question “Who is liable if something goes wrong?”” and
to introduce legal persons to solve problems based on the logic of the legal system
only despite the effects this could have on society. It means to understand what
happens if we intentionally hand over decision making onto machines. It means
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to leave room for decisions against machines taking over responsibility in specific
contexts. It means to legally react to changing fundamental concepts and consciously
create the space for these changes and to strengthen the awareness of the relevant
institutions who will decide about the development of robotics.
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Abstract The age of hybrid intelligence begins. The historical comparison between
Gutenberg’s book printing and the Artificial Intelligence revolution shows that fun-
damental disruptive innovations shake society to its foundations. We are in the middle
of the shift that new dimensions of connectivity determine our lives and all the tech-
nical objects of the real world become intelligent. The success factors of human
action for a sustainable digital transformation must therefore be agility, trust, and
emotional awareness.

1 Introduction

Today’s changes have a new driver that only played a secondary role: Artificial
Intelligence. The question how this will influence our future world can be summarized
in one sentence: Machines become self-aware.

This technological revolution will change and influence our entire world. I would
like to summarize this in five theses:

1. The age of the digital universe is just starting: Everyone and everything will be
intelligently connected.

2. There are no limitations: Al systems will enter all areas of this world. The age
of machines with self-awareness begins.

3. Under these external conditions, a completely new type of human being is
appearing. This includes a new understanding of relations between humans and
machines. The age of the global-regional Homo Zappiens begins.

4. The new interactions of digital shadows and intelligent agents with humans and
machines is the beginning of a new age of hybrid intelligence.

5. In order to manage and design this dimension of a sustainable digital transfor-
mation, design principles suitable for turbulences are required: Agility, trust, and
(emotional) awareness.
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Fig. 1 Gutenberg’s disruptive innovation: In ten years from the relic mirror to book printing (illus-
tration based on [Mail6])

2 A Historical Comparison

In 1450, Johannes Gutenberg started dealing with book printing. It only took him ten
years to get from a so-called relic mirror to mass book printing (Fig. 1) and another
ten years later, there were printing houses all over Europe [Mail6]. In the year
1450, neither paper print nor rotation printing machines existed. Nobody knew the
moveable letter yet. Only 10 years of development must have been a real innovation
shock at that time.

Which were the success factors of Gutenberg? He was a man who lived against
the Zeitgeist. He was very stubborn and invested a large amount of capital to reach
his goal. He risked a lot: For example, he mortgaged his life insurance. The idea
was more important than his own profit. And finally, Gutenberg was in love with
scaling. He was a real production engineer. He knew how to use the basic innovation
“reproducible letter” for his own purpose, the mass book printing. There is a certain
tragedy in the whole story—and this should be a warning for us: His hometown
Mainz was destroyed twenty years later during a war propelled for the first time in
history by disseminating a massive number of printed leaflets.

3 The Age of the Digital Universe

Today we are facing a similarly fundamental disruptive innovation: Everyone and
everything will be connected. The development into this direction has already begun
a while ago, but with the entry of intelligence into these connected systems that is
independent from the human mind, we are reaching a new dimension. The objects
of our daily lives as well as vehicles and buildings become self-aware based on huge
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so-called “Big Data Lakes”. We are surrounded by digital agents, digital twins, and
digital shadows. It starts with smart phones that will become intelligent “personal
assistants”.

In addition, lots of agents closely connected to our personal lives will appear
around us. We are about to have an interactive media center in our homes that takes
care of the fridge, controls the entire energy supply, and reminds us of our breakfast.
The “thinking” bumper of a car is still far away but it is foreseeable that we will be
able to install intelligence into polymer materials so that a bumper will realize when
a pedestrian is close and turn softer. Moreover, implanted cardiovascular pumps are
going to become reality soon. Also, computers integrated into clothing will become
normal. Perhaps we might even have a legal regulation for children to wear intelligent
clothing on their way to school. There could be co-operative buildings in which
humans intensively communicate with each other as well: Virtually open structures
between apartments. At the moment, there is a research project of the Technical
University Chemnitz with 200 elderly people in a huge tower block in Leipzig. One
of the targets is to develop a kind of driver’s license 4.0 that enables us to appropriately
interact with the environment 4.0 [see http://nebeneinander-miteinander.de/ (2017)].

4 The Age of Machines with Self-awareness

Artificial Intelligence has in principle no limitations and will conquer all areas of this
world. The age of machines that are self-aware starts now. But first of all: What is the
core of Artificial Intelligence? What leads to its all-embracing influence? And why
is “Deep Learning”—which is nothing more than closed-loop neuronal nets—the
crucial breakthrough instrument for Artificial Intelligence, even though the theory
about it has been invented already thirty years ago?

The decisive reason is the availability of data lakes—thanks to vast networks and
digital infrastructures that are required for closed-loop neuronal nets to be developed
effectively. The combination of a high-speed algorithm dealing with an enormous
amount of data, a quite simple learning algorithm, and only a few amounts of “a
priori” knowledge makes up the core of efficiency of modern Artificial Intelligence.

Thus, I would like to introduce the example of the “intelligent shoe” that already
gets an identity in the moment it is ordered (Fig. 2, left). It knows what it is and it also
knows its client. It knows what the client wants, for example whether the parameters
of the client have to be monitored. And it knows what will be its condition and its
route as well: It will have to make its way through the production plant in which a
classic central control will not exist anymore. The production and transport units are
in symbiosis with their own intelligent agents that negotiate with the intelligent shoe.
This could happen “democratically” according to the political principle of separation
and cooperation of powers—a method for which a first application for textile warp
knitting machines already exists [Abb17].

Once the intelligent shoe is produced in that way, an automated transport unit
will take further steps. Fully automated trucks are nothing new—a consortium of the
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Product acts as “super-agent®:
Success = Plans production and transportation steps
factors * Requests services from agents

* Negotiates with other products for agent-resources

Fig. 2 Intelligent products acting as super-agents: How the intelligent shoe finds its way into the
world and KONVOI driving on a German motorway. Adapted from an illustration of IMA/ZLW &
IfU, RWTH Aachen University

University of Aachen (RWTH) and industry partners carried out the project KONVOI
in 2009, in which fully automated trucks were tested on German highways for more
than 5000 km in between the normal traffic flow (Fig. 2, right).

To sum up: Products will act as super-agents in the future. They plan their own
production and transport. They establish requirements towards other agents, for
example towards the production plant, and they negotiate with other agents about
resources—on the streets or in production.

5 The Age of the Global-Regional Homo Zappiens

Over the last decades, all these developments have led to a new type of human
that is called Homo Zappiens by the Dutch scientist Wim Veen Vee06] (Table 1).
A completely new understanding of the relation between humans and machines is
being generated. Wim Veen proposed this idea for the first time in 2006—at that time
it still seemed quite visionary.

It is already normal that we have new forms of networking and that daily routines
are organized over huge distances around the globe. Moreover, it became normal
that we interact in a remote and virtual living and working environment. But what
is new about the Homo Zappiens? He is able to multitask right from the start. He
can think non-linearly. More dramatically: Today, a six-year-old can do 20 things
simultaneously, but not one thing for a duration of five minutes. This is not bad, but
rather good as this generation is already adapted to the conditions of information
overload. It already possesses selection criteria and is processing information in a
highly parallel fashion.
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Table 1 Characteristics of the homo zappiens and homo sapiens in comparison

Homo Zappiens Homo Sapiens

High speed Conventional speed
Multi-tasking Mono-tasking

Nonlinear approaches Linear approaches

Iconic skills first Reading skills first
Connected Stand alone
Collaborative Competitive

Learning by searching Learning by absorbing
Learning by playing Separating learning and playing
Learning by externalizing Learning by internalizing
Using fantasy Focused on reality

Adapted from [Vee06]

The Education Process Has to be Changed

This is what managers are radically confronted with. There will be a different gen-
eration of humans in our companies. This generation is different and wants to work
differently because old structures seem obsolete to them. Learning by experience,
events, and fun must be the trend if the universities and schools do not want to come
to a dead end. Learning should always be fun. Children and adolescents intensively
use social media of various kinds—such as freekickerz, Gronkh, BibisBeautyPlace,
LeFloid, Emrah, Mr Wissen2go or especially TheSimpleClub. From a student’s per-
spective, the last one is better than any school book.

The Change Will be Much More Radical Within the World of Business

Human work will be replaced or modified by the systems of Artificial Intelligence.
It concerns white-collar jobs as well as highly-qualified work. IBM Watson Al com-
puters can already take over some areas of controlling processes. Decentralized
platforms will appear and even take over administrative tasks. This development will
lead to an enormous economy of scales—not to mention autonomous systems in the
air and on the street.

However, the fully automated car will not “only” drive fully automatically. It will
also be, for example, the central digital twin of mobile nursing staff. Using the swarm
intelligence together with its “colleague cars”, it will be responsible for the entire
disposition, documentation, traffic jam surveillance, route optimization etc. Thus,
nursing staff can simply get into the vehicle and already start a conversation with the
next patient via skype. In this case, the car becomes part of our everyday life as a
social robot.
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Fig. 3 A new dimension of communication between humans and intelligent objects. Picture sources
IMA/ZLW & IfU, RWTH Aachen University, jim@Fotolia.com, P3 OSTO

6 The Age of Hybrid Intelligence

All in all, we can summarize that the human-to-machine interaction 4.0 creates a
completely new dimension of cooperation between humans and intelligent objects.
The age of hybrid intelligence between humans, machines, and their particular digital
shadows and intelligent agents has begun (Fig. 3).

The age of predominance of the human beings over the objects created by them
is coming to an end. Of course, the human-to-human interaction will still play a
fundamental role in the future—perhaps even more than today. There is no alternative.
For example, we increasingly get together far too late when it comes to talk about
important things. One of the biggest absurdities of the last twenty years is the belief
that human-to-human interaction can be done by e-mail. Some e-mail traffic should
rather be forbidden and instead people should be forced to meet face-to-face—or at
least via Skype—to settle disputes.

Furthermore, the human-to-machine interaction will keep on existing on different
levels: on a screen, with a digital agent of the machine, or in immediate contact
with the machine. But it is necessary to develop a “partnership on an equal footing”.
However, the idea of the “predominance” of the human over the machine is surely
obsolete.

The machine-to-machine communication that takes places without any human will
increase rapidly because every machine has its digital agent. The above-mentioned
example of the textile warp knitting machine contains 200 software agents, but no SPS
control anymore [Abb17]. Those agents even have a “right to vote” and choose “their”
coordinators or speakers. Thus, digital shadows evolve, and people can interact with
them, but within themselves they have a kind of “‘underground economy” of machine-
to-machine communication.
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In the Long Run, All Technical Objects of the Real World Will Become Intelligent

The digital shadow, the “digital skin” will become a dominant part of technology and
human identity—in communication between machine and machine, between human
and human and between machine and human. A “dynamics of digital shadows”
will evolve that works simultaneously and develops progressively higher forms of
intelligence.

This is the actual “revelation”: Over the long term, all technical objects of the
real world will become intelligent and develop self-awareness as well as a sense
of themselves. There will be a life-long learning process of those objects and they
will learn together with their technical partners and with the humans, too. “Driving
schools” for technical objects will become normal. The omnipresent and discreet
interaction between the digital shadows of technology and humans will dominate all
aspects of communication.

This has enormous effects on the digital system landscape considering the dimen-
sions that intelligence is everywhere, that the physical and digital world are linked
and that we need new types of (IT)-infrastructures.

7 Success Factors of Human Action: Agility, Trust,
and (Emotional) Awareness

What are the success factors for such a profound digital transformation that takes
place under the dominant factor of Artificial Intelligence? According to our con-
sulting experiences with P3 OSTO, the central success factors under these turbulent
conditions are agility, trust, and (emotional) awareness (Fig. 4). In our experience,
each of these factors is essential for the success of this transformation—they are
“all-or-nothing factors”. If one of the factors does not work, the whole thing will fail.

Agility does not only mean using a software development method like Scrum,
but rather to adapt the entire structure of a company to agile principles—including
all processes from product development, production, and product modifications to
ramp-up processes and administrative structures. This is a huge issue and usually
the product development department is ahead of the rest of the company. Central
departments, such as administration, finances, or controlling often find it harder
to implement agility even though it is more necessary in their departments than
elsewhere.

Furthermore, agility requires a culture of trust—vertically and horizontally
between humans and departments. If your organization does not provide this, you
can forget about the transformation. It will not work.

And if there is no (emotional) awareness—if you do not ask: What is actually
happening? What is culturally happening? Which tensions exist? If you do not have
a perception for those factors in their range and diversity, you will not succeed. This
way of being aware is the art to perceive but not to suppress the whole complexity and
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Fig. 4 Success factors of human acting under turbulent conditions. Picture sources P3 OSTO, K6ln

dynamics (Dynaxity). But awareness is only an art to be learned. But mindfulness is
only an art if you have learned to bear these perceptions and not rush into the reflex
to rush to do something.

Each of these three features has to be fulfilled in high quality to make the change
work, see [Hen15, Hen14]. May we all succeed in actively designing the new world
of hybrid intelligence of humans and Artificial Intelligence according to our values,
before others do it without reflecting their values.
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Abstract This paper sketches the connection of digital transformation and sup-
port technologies. Describing and conceptualizing human-machine configurations
as “support” is intimately linked to material digitization processes. It is argued that
support relations have to be considered as sensor-actuator-networks that consist of
both organic and designed components embedded in a wider sociomaterial infras-
tructure. Interfacing various bodies then turns out to be the pivotal issue for support
in the digital age. In this vein, challenges with regard to robots, automation, power,
and collaboration are discussed.

1 Introduction

By the time when decision support systems came up in the late 1970s [Kee78],
the notion of support has been more intriguing than the technical systems them-
selves. “Support” followed the ideas of “substitution” and “augmentation” as par-
ticular forms that describe our relations to technical artefacts, especially machines
and automata [Car14, Marl5, Vis03]. Substitution obscures issues of responsibility;
and augmentation is too focused on human capabilities and their shortcomings. In
contrast, support now defines a different form of relationship between humans and
technology with more latitude to negotiate and set the boundaries and roles between
them.

Though simple tools may also be understood to support their human users, the
explicitly communicated purpose to build support technology and the subsequent
design and construction of relevant technology remains linked to the microprocess-
ing digital computer. It is not accidental that the idea of technical support was put
into words when digital computers could be programmed to be experts in a field
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with the purpose to support decisions of their human counterparts. The growth of
interest for technical support and assistance in the past twenty years is a strong indi-
cator that digitization does propel the preoccupation with support systems. Sketch-
ing various connections of support and digitization and naming critical challenges
for future developments are the subject of this concluding chapter. It contends that
sensor-actuator-networks consisting of both organic and designed components are
the measure for most challenges of support relations.

2 The Matter of Digital Infrastructure

“Digitization” is a colorful but vacuous buzz word. Myriad phenomena are put under
its auspices. Additionally, its narrative frame is mostly deterministic: digital tech-
nology has appeared due to general progress and now reshapes society. This is only
half of the story, at most. Technology does neither appear out of the blue nor is it
isolated when in operation [Mac99].

However, it is possible to flesh out some crucial material aspects of digitization
without readily adopting the deterministic storyline attached to it. Paying attention
to matter when describing digital society is not conventional at all. Software applica-
tions, big data, and powerful algorithms—or, as it were, in a generic sense: Artificial
Intelligence—are seen to be the main drivers and get much more public attention
these days. Yet their role is overemphasized. The reasons for this negligence of digital
matter in debates about the digital age are not obvious. In the short run, exploiting
the economic, political, scientific, or artistic possibilities of digital infrastructures
appears to be more profitable at least. But digital society will not evolve just by
devising even more powerful deep learning algorithms, optimizing neural networks,
and gathering even more data than before. Digitization will have to incorporate
techno-material innovations to advance substantially.

Shifting the attention to the techno-material infrastructure proper, digitization
reveals itself as a close combination of three intertwined developments since the
1940s: the digital computer and its architecture, the exponential growth and distribu-
tion of computing speed enabled by the microprocessor, and the global connectivity
achieved by setting up computational networks [Pral5]. Digital computers, micro-
processors, and connectivity are crucial techno-material prerequisites for what is
called digitization. But the watershed is marked by a different aspect.

Digitization as we know it did not emerge until all kinds of sensors and actuators
were embedded into this infrastructure. Algorithms were there before, but their power
became discernible and prevalent, when they could also select and modify sensors,
actuators, and their connections. There was data abound since the advent of digital
computers, microprocessors, and the internet, but data became really big when mobile
sensors started to pervade society. This sensor-actuator-embedding into the existing
digital infrastructures is responsible for the hopes as well as the fears, the business
opportunities as well as the surveillance risks, and the desired comfort as well as the
authoritative control that are being discussed. The age of context sensitivity [Scol4],
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the granularity of digitization [Kuc14], and the relevant critique [e.g., Kee18] are a
result of this techno-material insertion of sensors and actuators into networks on a
huge scale and a fast pace.

3 Support: Hybrid Sensor-Actuator Networks

The idea to develop support technology is historically an immediate offspring of this
technological embodiment of digitization. More precisely, conceiving the interaction
between humans and artefacts as support relation became an option when technical
sensors and actuators were aligned with human sensory and motor abilities in a
digital infrastructure. Technical sensors and actuators respond to human behavior
or parts of human bodies. Humans, in turn, ascribe behavior and responsiveness to
digital machines, that/who started to support decisions, work and production, the
organization of our daily lives, and also bodily and organic functions by now. In
effect, humans and technology are actually getting closer.

Since support relations have become a real option, the gap between completely
manual tasks and activities on the one hand and fully automated ones on the other
is vanishing. A hybridization of biomechanical and technical elements has become
common: human sensorimotor capacities are interfaced with technical sensors,
actuators, and kinematics. “Sensors” and “actuators” do not only indicate compo-
nents of technical artefacts in this description (maybe “actuators” should better be
called “effectors” which is a composite of actuators, kinematics, and drivers, yet
we keep the term—being well aware that it has a more restricted meaning in engi-
neering). Technical sensors and actuators are crisscrossed with elements of human
sensorimotor systems to generate integrated hybrid systems (Fig. 1). This is one of
the main reasons why support systems cannot be reduced to an engineering issue.
Another one is the embeddedness of these relations of Fig. 1 into further networks
and institutions—the “seamless web” of societal technology construction [Bij87].

Take an example. A passive exoskeleton may be built without any technical sen-
sors. But it is wrong to conclude that the support system lacks sensors in this case.
The exoskeleton works in connection with the human senses/sensors of its wearer
and the designed loose or strict coupling of its actuators and kinematics to the motor
activity of the human body. The network of components that constitutes support tran-
scends the “passive” artefact. The technical system is moreover contingent on a due

SeNSOISy man " SeNSOrISy nnical

actuatorsy,,man actuators,geical

Fig. 1 Possible relations in a minimal hybrid sensor-actuator network for support. Not all relations
need to be realized but at least one of the indicated relations in the middle is mandatory
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coupling to the perceptions and actions of the wearer’s peer groups. When the hybrid
sensor-actuator network fails, then the exoskeleton fails, too—even if it is highly
praised, mature, and elaborate from a purely technical point of view. This could
also be shown for (lightweight) robots, AR and VR systems, social robots, health
trackers, smart watches, or simple lifting aids and tools. Indeed, classical fenced
industrial robots can also be considered to provide support on different levels: e.g.
for humans, production processes, whole enterprises, or the economy. Attending to
hybrid sensor-actuator networks of support shifts perspective even in this case. The
notion of cyber-physical systems is close but misses a crucial point, unless “cyber”
and “physical” are both conceived as being both organic and technical.

However, the new proximity and hybridity of sociotechnical human-artefact
assemblies becomes more salient and vivid when we stick to the situated and local
support of human beings and take recent developments into account.

4 Major Challenge: Interfacing Bodies in Digitized Worlds

The example of the exoskeleton is not chosen haphazardly. In our opinion, a major
challenge of developing support technologies lies in physical support systems, for
example wearable technology. This reflects part of our own research interests but
there is more substance to this conjecture than simply overrating the own research
agenda. The relevant but hardly stated question is: how will we take our bodies with
us into the digital age ? After all, we will have to count and calculate on them for some
time to come—Ilonger than some technocentristic transhumanism may suppose.

The human body is a blind spot of digitization. Public discussions about digiti-
zation mostly ignore the body and prefer to highlight connectivity, algorithms, apps,
data mining, or touchscreen functionality. “Cognitive” support is ubiquitous and
obviously much easier to implement right now. Touchscreen devices are widespread
and have found their way into our everyday lives. In contrast, robots and other phys-
ical support systems like all kinds of exoskeletons are just starting to leave the labs.
Augmented and virtual realities are still looking for suitable ways to integrate the
bodies of users. Certainly, there are many projects seizing on relevant solutions.
But they still have to prove that they can live up to their promises—beyond some
all too enthusiastic portrayals of designers, engineers, tech bloggers, and journal-
ists. However, huge progress has been made in this respect, but it is definitely still
much untapped potential regarding the integration of human bodies as well as arti-
ficial body parts (e.g., robots, wearable robots, prostheses, implants) into the digital
infrastructure.

The gaming industry is probably going to be one of the main drivers for such
body integration. Concrete applications for physical support by exoskeletons or smart
textiles and suits are VR computer games. First suits are already mature enough to be
marketed (e.g. https://teslasuit.io). However, exoskeletons are mostly developed (and
distributed) for nursing, military, industrial, and rehabilitation purposes [Hoc15].
Their public appearance is often connected to demonstrations how they make people
with paraplegia walk again—for rehabilitation training only, to be sure. The digital
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integration of the body does also occur with small devices and implants. Hearing
systems do currently evolve to be more than aids for hearing-impaired people, but
rather present a real possibility for a volitional design of the individual acoustic
environment and for interfacing with other applications. Experiences with medical
implants (e.g., pacemakers, cochlear) have a longer history but the possibilities of
their digital connectivity are still to be explored.

Interfacing of human bodies with artificial bodies or body parts will remain
an issue for a long time to come. Questions about comfort play a significant role
for acceptance. Hence, the design and construction of various accurate interfaces
is key. Hardwiring prostheses, smart clothing, or exoskeletons with the human
body—either for immediate material connection or signal processing or both
(e.g. adaptable molds and straps for extremities, electromyography for control via
muscular activity, or inertial sensors for movement and stature recognition)—will
be further refined and continue to generate new interfacing possibilities.

All this is accompanied and reinforced by the development of interfaces for mutual
connectivity of technical objects. Technical support systems can be coupled to each
other directly or via people using them in parallel. For example, smart tools recognize
movements and positions in space to support certain tasks; or their users sense the
need for more support and might be able to control, e.g., an exoskeleton with another
tool that they are using. The Internet of Things (IoT), cyber-physical systems, or
the German term “Industrie 4.0” are the generic indications for these fine-grained
developments.

5 Challenging Support Issues: On Robots, Automation,
Power, and Projects

Thinking about future possibilities of support in a digital society also includes
accounting for developments that might turn out as detrimental to communal life
but also to the capacity to turn engineered inventions into societal innovations. There
is no intention to present a complete list, which is actually impossible, but to simply
present a few points that are a little more concrete than fear mongering of machine
control over people or the no doubt serious issues regarding privacy, data security,
or the surveillance state. The main perspective is still physical or corporeal support.

5.1 Autonomous Robots

Support is certainly not confined to wearable solutions or ambient technologies like,
e.g., smart homes. Autonomous robots are supporting people, too. Many of today’s
technical challenges are situated in the fascinating field of robotics. Yet there is also
a bias with regard to what robots can currently do and in which contexts they can be
employed in a meaningful way. For example, autonomous and basically humanoid,
wheeled robots are considered as future assistants at home, in public spaces (e.g.
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museums), and particularly in elderly care. This is the vision for the future of nursing
propagated by the developing engineers of such robots and many tech-journalists.
There is nothing wrong with having this vision. But since it is a vision, it should be
treated like one. Else it could quickly become an obstacle for developing technical
support in elderly care that is truly viable.

Nursing robots are an exemplary case for technology development that is mostly
technology-driven—that is, without much interest in what people actually want and
need. Anybody who has examined the work processes, skill, and dexterity of care-
givers immediately realizes that current robots are not able to do this job in near future.
Even single tasks cannot be supported efficiently. Autonomous nursing robots and
their capabilities are therefore overrated. They are not what caregivers really want,
they are neither what caretakers really need, and they are not even a sound economic
solution for nursing institutions right now. In the current state of affairs, robots will
not substitute nursing home professionals for many years to come—unless it is polit-
ically enforced without an interest in what the people involved demand.

In general, fearful reports about robots taking over elderly care must be distin-
guished from the actual performance abilities of robots, which are poor regarding
the inevitable and necessary adaptability to shifting and dynamic environments, the
multi-dimensionality of many tasks, and the required pace of learning. These are
severe operational issues. They differ from the also valid complaints of some experts
about robots lacking compassion and the experience of pain, which makes them inel-
igible for tasks that involve autonomous work on sentient beings. The technical and
political vision of solving problems of demographic change by introducing robots
into caregiving therefore distracts attention and financial resources from acceptable
(technical as well as non-technical) solutions.

These reservations have to be taken as specific as they are. They do not reject robots
as a species but the inappropriateness of certain visions and imaginaries that could
easily create irreversible, expensive, and detrimental path dependencies. In contrast
to caring robots, the possibilities of social robots built for play, entertainment, and
pastime are rather underrated in the field of care. For example, care professionals
argue that such robots are only pretending to have emotions and that this is an
unethical deception of older people. But if social robots trigger positive emotions
in older people and add moments to their lives in which they forget their loneliness
and boredom [Bed17], then the argument opposing this kind of support as not being
“real” is untenable and to some extent even irresponsible. In this vein, social robots
can actually support (definitely not: substitute) the overworked caregivers.

5.2 Automation and Substitution

This brings us to a central issue of many debates concerning the digital age: the
fragile distinction between support and substitution. Providing “support” instead of
automating a process and thus substituting the role of human individuals represent
two different approaches to technology development. Substitution is about automa-
tion. In contrast, support is about an integration of heterogeneous elements. It tries
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to reinstall, preserve, protect, prevent, or augment human activities by incorporating
technical systems. It is oriented towards demands and needs of humans in particular,
albeit support might also refer to organizational demands. However, there may be
concerns that support technologies could just be a precursor for a subtle transfer of
decision authority and activities to machines and the ones who control them. This
could ultimately lead to an incremental substitution of humans or to a more thorough
exploitation of staff to achieve higher productivity. This is no doubt a possible sce-
nario, in particular within for-profit organizations. Yet supplanting the generic idea
of Human-Machine Interaction with the notion of support relations on a conceptual
level has at least two distinctive effects: it helps to create technology that is sensitive
to sociomaterial human particularities; and it will necessitate to discuss in each case,
whether some invention is going to support or substitute human activities and whether
a substitution is intended or not. The concept of support thus provides a common
ground for adequate collective judgments regarding the effects of automation.

Elon Musk, well known tech-entrepreneur and CEO of Tesla, tweeted a response
on April 13th, 2018, that the production problems they encounter with Model 3
are due to excessive automation. This point addresses exactly the issue to which
the support paradigm is a response: there is obviously a need to reconsider and
actively decide under which circumstances automation und thus substitution of the
human workforce does make sense—even in industries like automobile production
where automation is self-evident and unquestionably considered to be beneficial,
more efficient, and more effective. Musk also adds that “humans are underrated”.
Obviously, Tesla would have profited from a discussion alongside the distinction of
support and substitution. Once the automation decision is made and implemented, it
becomes an uphill battle to strip it down again and bring people back in.

The relation of support and substitution is non-linear and multilayered though.
There is no one-best-way and no decision that is correct once and for all. First of
all, it depends on what and whom is to be supported. Furthermore, support can
be achieved by substitution. Just to give one example: Websites already support
customers to customize the ordered products while the corporation substitutes its
workforce for automated processes that run these websites triggering production
machines and automated dispatch. In general, who is supported by whom and where
and how substitution may take place when some technology prevails is an open
question. Who is supported when a data pill is employed? The one who swallows
it, the physician in charge, or the insurance company? Maybe all of them but maybe
none. Does it supplant a function, an activity, or a task? To find any answers, the
conditions of any singular case have to be examined closely, both for sound scientific
analysis and practical decision making.

5.3 Power: Energy and Inequality

A complex of further challenges can be subsumed under the label of power. This
includes both physical energy (production, storage, and consumption) and socio-
economic power (capital, status, and inequality). These two can be considered sepa-
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rately of course, but there is one point of articulation here: energy is not a collective
good and digitization increases the individual energy demand. Global power elites
are able to spend more to get the energy they need to harness the potential of digital
infrastructure and to realize their goals. Additionally, they do also have more poten-
tial to produce energy themselves by investing capital to buy, for example, solar
panels, which again require property to install them. Inequality is rising in the digital
society and the energy issue will be one of its facilitators.

Energy is also a great engineering challenge. Its efficiency is of global impor-
tance. The worldwide employment of technologies heavily depends on the produc-
tion of huge amounts of energy that in turn depends on deploying technologies
that again consume huge amounts of energy and additionally produce externalities.
This dependence of technology on further technology has become absolute [Luh00,
pp- 378-379].

Energy consumption and battery life is and will obviously remain an issue for
the development of any active support system. Anyway, battery research to optimize
output and storage capacity must be complemented with further inquiry into alterna-
tive forms and solutions for energy provision (e.g., pressurized gases, shape memory
alloy, the efficiency of solar panels, etc.). But any progress in this direction would
be worthless when the appropriate drivers are not developed in accord.

Of course, the problem of inequality is not only coupled to energy consumption
and production. It also concerns the purchase of support technology, that is, its
unequal distribution. Technical support will become a question of income (as is health
care) [Alt15]. Getting the gear suitable for the own demands, business interests, or
ailments will also be a question of access, which includes spending capacity but
is not confined to it. Access is not settled with money only. It also heavily relies
on the conditions of regional digital infrastructures. This will necessarily fuel a
further concentration of people in urban areas and thus reinforce existing regional
inequalities and a further concentration of population and activities in metropolitan
areas [Cas10].

In principle, support technology has the potential to compensate defects and to
foster equality. Spectacles for eye support, to give a really simple and non-digital
example, prevent severe social divisions between the “focused” and the “blurred”
people. This implies that technical solutions enable participation. Yet their potential
for separation is equally high. As with any invented and disseminated technology it
comes to political decisions to stipulate how accessibility and deployment are orga-
nized and controlled. Additionally, it points to the issue of defining societal standards.
‘What would be the standard for compensation with respect to human senses and bod-
ies? There is on definite answer. Compensating differences is not desirable in itself.
Social control adds to these questions about the power to define standards. The con-
nectivity of current technical devices allows for much debated governmental control
possibilities but also for different forms of control in peer groups and families. Yet
control is no a zero-sum game. Individual control opportunities rise in the same
amount. The control society described by the philosopher Gilles Deleuze [Del90] is
not so much about unilateral domination but about the continuation of mutual efforts
at control.
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5.4 Collaboration in Projects

Discussing these societal issues is of great importance for developing support tech-
nologies, even if it seems far removed from the everyday processes of technical
development at first. But ignorance and reservation with respect to earth and social
inequalities are not an option [Lat17]. Engineers and all other developers involved in
such processes, must be aware of these connections—not only for ethical, “social”,
and legal reasons but rather additionally for the very success of the project and the
invented technology itself. Confining acceptance issues only to individual psycholog-
ical factor models belongs to the past. The challenge is to build support technologies
that are affordable and attentive to the political issues of control and inequality.

How can this be achieved? Once again, there are no general success factors. Yet
there seems to be no alternative to interdisciplinary collaboration [Led15]. In this kind
of projects, expertise must be networked and distributed. Expertise is not necessarily
brought to the project but rather its main outcome. In addition, collaboration is
extended to comprise people who are supposed to use and profit from the developed
technology. Since this transcends the interdisciplinary academic team and introduces
citizens or corporate natives into the process of development, such an approach is
understood to be transdisciplinary. This is not exactly “citizen science” but certainly
belongs to a similar domain.

The future challenge lies in testing and evaluating possible forms of interdisci-
plinary work and participation. Any project has its peculiarities with respect to the
disciplinary mix in the team and the potential users and beneficiaries of the technical
devices to be designed and constructed. Finding a form of collaboration to develop
technology that people really want is absolutely fundamental. It takes its time and
needs some latitude—and this is also the biggest obstacle for establishing such teams
and for daring to proceed in this direction. Due to much more iterations, continuous
testing in the field, and the required exchange and negotiations among the multiple
perspectives of the involved parties the development process is slower in transdisci-
plinary projects [Bro15]. For Research & Development departments this may appear
too cumbersome. Stakeholders and investors need to comprehend that such projects
cannot be measured by delivering a predefined solution on time. No doubt a result
is mandatory. But the assessment must also put a premium on the process itself and
the accumulated competence.

Another aspect of collaboration is the challenge of participation. Like before, it can
be boiled down to a time issue. Finding the right people and partners for development
is demanding, notably it takes a lot of time to coordinate meetings and activities. But
time is also the main factor in a further respect. Some support technologies are
developed for prevention of illness and disease. Yet prevention is hardly an incentive
for acceptance in participatory development. Prevention refers to an uncertain event
in some distant future that seems irrelevant from today’s perspective. Thus, other
incentives are needed that might nudge people in the relevant preventive practices.
Gamification is an option. Convenience is another. Still there is much ignorance how
to manage that. However, serious participation of users from the outset generates
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experts outside academia and also a certain excitement that motivates them to talk
about it. Peers have a huge influence and the form of communication surrounding
and permeating the technology is key to participatory development and acceptance.

6 Conclusion

This concluding chapter has argued that there is an immediate link between the idea
of support technology and digitization. It has presented a simple model of hybrid
sensor-actuator networks that can be used to expound this connection between digital
transformation and support. From there certain fields have been sketched that could
turn out to be critical for the future development of support systems. This leads us
back to the books original purpose: showing that support has the potential to re-design
the classic notion of Human-Machine Interaction. We contend that this potential is
harnessed only when we succeed to integrate multiple perspectives and multiple
bodies to design, construct, deploy, and evaluate support systems. If the objective
is to create technology that people really want, this kind of integration could be the
best bet right now.
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