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Abstract:One of the greatest societal challenges right now
can be seen in the design of the interaction between hu-
man and technology. Especially in recent years this has be-
come more intense. In almost all life situations, we are al-
ready supported or assisted by technology. Such systems
come in various forms and characteristics. This paper will
report on an ongoing research project named smartASSIST
which aims to establish methods for the development of
wearable systems for physical support as well as exem-
plary supporting technologies. The research is based upon
a theoretical foundation of human-machine support rela-
tionswhich leads to the conceptual approach of construct-
ing Human-Hybrid-Robot (HHR) systems.

Keywords: Support Technologies, interdisciplinary Ap-
proach, participatory Approach, Human Aspects, Human
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1 Introduction

The design of interactions between humans and technol-
ogy – especially with regard to demographic change as
well as themore frequent andmuchmore intense relation-
ship in many areas of life – is one of the greatest societal
challenges right now. First of all, such design has to take
into account that these interactions are basically relations
of support [19, 9, 6]. That is, humans and technology are
both designed out of their joint operation in support situ-
ations. Technology is already supporting people in many
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areas of life. Health prevention is a particularly important
domain in this respect. Regarding issues of musculoskele-
tal disorder (MSD) in an ageingwork force, it is common to
look at technology for some remedy. Relevant assistive and
supporting technology will come in different forms and,
in broader terms, as different technological artefacts, who
reveal their potential in conjunction with its human users
and the environment in which they are embedded. They
can be substantially characterized in light of their abili-
ties to support physical or cognitive human tasks. Depend-
ing on the task at hand, technical assistive devices and/or
robots might take over the activities completely, thus act-
ing often times in a different temporal-spatial field as their
human counterparts.

However, (semi-) automated solutions are often only
technically feasible or economically viable for simple and
repetitive tasks. Consequently, there are numerous tasks
in the world of work and in private environments that still
have to be carried out manually because of their complex-
ity or uniqueness [1]. In these areas, where assistive tech-
nology acts in close proximity and in collaboration with
its user, e.g. in pushing-pulling or lifting tasks, technology
and human beings can be seen as a single entity. This is
one step further than simply looking for the design of their
interaction. Therefore, the decisive challenge in develop-
ment of these technologies, is not merely the development
or the invention of new technology in itself, but a prog-
nostic view of how future technology and humans might
interact/integrate and what implications such newly “in-
tegrated entities” should have on strategic technology de-
velopment. The relation between human and technology
is not a zero-sum game. More technology does not neces-
sarily mean less human abilities or even outright substi-
tution of the human work force [14]. Unless this becomes
clear, the potential of hybrid systems will always be pre-
maturely criticized and thus consistently underestimated.

By designing the timing, coupling, and mutual con-
trol of the cognitive abilities and sensorimotor skills of
humans on the one hand [22] in immediate connection
with the reliability, speed, and force of technical artefacts
on the other, we create hybrid embedded systems, de-
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Figure 1: Paths for support activities (in extension to [19]).

ployed in responsible ways with potential to improve hu-
man health. New and promising approaches of technical
support include body-related or wearable technical sys-
tems, e.g. classic exoskeletons for increasing power or sys-
tems for force redirection and support of cognitive struc-
tures.

This paper examines approaches and solutions for the
support of ergonomic or quality critical manual tasks, e.g.
in automotive, aircraft and construction industry. Based
onmain requirements and the approach of Human Hybrid
Robot different context-adapted solutions are described.
These include wearable systems for tasks at or above head
level with handling of tools or components, for handling
components as well as for gripping things. Moreover, the
development of such user centered systems requires a par-
ticipatory approach in order to increase the usability and
probability of acceptance. Therefore, we will also describe
some critical steps for facilitating this form of technology
development.

2 The Basic Idea: Support Relations

The support of manual activities can be realized in differ-
ent forms. The perception of the support depends signifi-
cantly on the observer of the support-activity unit. [19, 8]
An understanding of interaction patterns (interaction be-
tween a focal activity, e.g. task, and support) as well as the
embedding of the respective coupling of activity and sup-
port is necessary for thedesign, optimizationand selection
of context sensitive technical systems [8]. For this purpose
the definition of an “observer” as well as various determi-
nants are helpful. The perceived support can vary depend-

ing on the selection of the observer (e.g. if the observer is
the user/worker vs. if the observer is the producing com-
pany). Determinants serve developers and users to differ-
entiate or classify support systems depending on the ob-
servation. Three basic determinants have been identified
[19]. These include the spatial-temporal relation, the form
of coupling and the location of control. An explanation of
these determinants is given in, e.g., [19, 8, 9]. A classifica-
tion along these lines proceeds by describing the form of
support from general intomore detail. A sketch of possible
paths is illustrated in figure 1.

3 The Approach: Human Hybrid
Robot

The concept of the Human Hybrid Robot (HHR) [17]
presents one possible approach for individual support
[20]. This concept can be classified somewhere between
free programmable robots and manual workplaces. The
basic idea is to support manual activities at work and in
daily life by an intelligent coupling of human beings and
technical components/systems (i.e. tools and mechanical
functionalities or software functionalities like Poka-Yoke)
into a hybrid and intelligent system [17], see figure 2. The
crucial point can be seen in the integration of technical
and biological elements as well as in the realization of a
synchronous and bi-directional interaction between hu-
man beings and mechatronic and/or mechanic elements
in a single hybrid system.Moreover, systems that are based
on this approach, do not replace people by a technical au-
tomated solution, but support them instead.
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Figure 2: Concept of Human Hybrid Robot [17, 18, 20].

The HHR concept consists of a modular system archi-
tecture to allow for an ad-hoc configuration as well as a
reconfiguration of systems. A construction kit with pre-
defined hardware and software modules will be the re-
sult (see figure 3). This will be achieved by compliance to
standards for e.g. interfaces. Modules have one or more
functionalities and single functionalities can potentially
be achievedbydifferentmodules, dependingon their com-
bination. Modules can be clustered into different classes
by either their functionality or their technological clas-
sification, e.g. mechanical modules, biological modules,
joints, algorithms, sensors, interfaces and so on.

All design and configuration choices regarding the
technical support system are based upon human charac-
teristics such as anthropometry, abilities or skill level in
the specific tasks in which the system should aid its user.
Additionally, the task itself, its complexity, overall load,
frequency and duration have to be considered.

By combining themodules, support of human features
and abilities can be realized, while human and technol-
ogy form a single system. They are then working in con-
junction, bringing together the strong assets of both par-
ties, e.g. the keen sensory abilities of human beings and
the high endurance of technical systems are used simulta-
neously.

4 Developing Wearable Systems

It is a common saying that the best system is the one peo-
ple actually use. To come up with systems that will fit the
individuals regarding their anthropometry,movement pat-
terns, and functionality is clearly fundamental. But in or-

der to approve of its usability, the technology has to prove
itsworthwithin the scope of their experience. Asking them
beforehand about their needs and checking if the system
meet the criteria after it has been developed is not suffi-
cient, which is why we follow a tighter user integration in
all development phases (see figure 4).

4.1 General Approach and User Integration

Developing wearable systems to the users’ benefits is not
a small feat. Though user integration is of course cru-
cial for any other end-user-oriented product development
processes, it is important to point out that this is even
more the case for systems interacting so tightly with the
user. Besides the close spatial coupling of user and sys-
tem, creating plenty of pitfalls, another challenging as-
pect is the overall novelty of the subject. The experience of
potential users with hybrid exoskeletal systems is mainly
limited to what they have seen in movies and/or pic-
tures. Therefore traditional means of generating require-
ments (e.g. questionnaire) are severely limited as poten-
tial users often lack the basis for describing what they
want. Consequently, it is necessary to bridge the knowl-
edge gap between users, which know the task/environ-
ment and the developers, which know, what is techni-
cally feasible and can assess what is medically appropri-
ate in an iterative andexplorativedesignprocess fromboth
sides.

One way to do this is equipping the developers with
sufficient knowledge about the characteristics of the con-
ditions under which the work takes place and how the
work is being executed. Therefore, as step one and prior
to any technical developments, a thorough analysis of the
workplace and the tasks at hand is commonplace. The
analysis of working conditions contains the whole spec-
trum of influential factors on the working task from com-
panies’ organizational structures over the environmental
surroundings (indoors, outdoors etc.), tools and artifacts
being used, professional work ethics down to individual
movement patterns of the single employee. For specific
tasks, these individual patterns can be clustered into two
or three distinctive ways of behavioral acts which in sum-
mary represent most work habits. Therefore, the work-
ers perspective can be analyzed and integrated by way of
external examination. We use ethnographic observation
techniques to create pertinent thick descriptions of these
aspects. These are not necessarily full blown ethnogra-
phies but sketches that are made whenever there is an oc-
casion to do so: project meetings with partners, real world
tests, or workplace visits.
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Figure 3: Construction kit systematic and exemplary configured system for two scenarios (based on [17, 20]).

Figure 4: Transdisciplinary development approach.

Furthermore, the design of the technical support sys-
tems must be developed with the human body’s capabili-
ties and limitations inmind. Inmoredetail, the general hu-
man physiological and cognitive abilities as well as their
individual characteristics and individual skills are of great
interest. When it comes to the specific working tasks, the
complexity of the tasks, duration, frequency, and applied
forces have to be known and accounted for in the concep-
tual ideas of the support system to be developed.

Since the initialworkplace evaluation canhardly com-
prise every relevant aspect and during the engineering
process different trade-off decisions need to be made,
these decisions will need to be evaluated carefully us-
ing early stage prototypes. This has become easier in the
last few years, as rapid prototyping technologies have be-

come widely accessible and have established themselves
as an indispensable development tool. By using these
early stage prototypes it becomes possible to bridge the
knowledge gap between users and developers much more
easily. Additionally, they help to avoid pitfalls based upon
wrong assumptions of the users’ needs (e.g. users evalu-
ated a stiff back structure positively, while developers con-
sidered it to be a problem).

Whether the developed system will actually help the
user to accomplish her task or might act as additional bur-
den is the key question when it comes to user acceptance.
Based on the findings from step one, a concept can be de-
veloped on how the technical system should provide sup-
port. This includes the general system structure, how and
when support should be given for the specificworking task
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andwhich technical solution should be preferred over oth-
ers. This concept will then lead to step three: the develop-
ment of first prototypes. As soon as these prototypes are
available, the users’ input is necessary. Step three com-
prises an analysis of user interaction with the prototypes
in two areas: 1) in the laboratory and 2) in the field. Inside
the laboratory, user interaction is contained. It consists of
themovement patterns and specific taskswhichhave been
identified in step one. The focus of research is if and how
the interactionwith the system changes the originalmove-
ment andhowmuchof actual support canbemeasuredvia
EMG and by user opinion.

These findings are compared to results during usage
in the field. In field tests, more parameters such as the
environment, additional tasks etc. affect the (perceived)
support. Consequently, during testing in the field a biome-
chanical analysis is only an additional aspect of research
among a broader scope of appropriate evaluation tech-
niques from other disciplines, i.e. in our project above all
sociology and production engineering.

Results of both areas influence further development
and refinement of the system, as they are key aspects of
the systems validation and assessment. This refinement
and optimization cycle can take place more than once un-
til the system reaches a sufficient level of support, user
acceptance and technical readiness level. Embedded into
this iterative optimization cycle is the systems fitting to
the users’ anthropometry. Apart from the different indi-
vidual kinematics due to different movement patterns, an-
thropometrymightdiffer significantly betweenemployees.
A wearable system, which will fit a variety of employees’
bodies needs numerous settings to be able to change the
size. Making every part of the system adjustable would
increase the overall size and weight, which is one of the
biggest problems of conventional exoskeletons [4]. To ad-
dress this issue, a modular approach for the systems parts
is helpful. In a modular approach, parts can be changed
to fit different body sizes properly. On the other hand, this
might lead to complexity and a large number of parts,
which is leading to increased costs in turn. Therefore, dur-
ing the development process, one has to find the right bal-
ance between adjustable and non-adjustable parts.

4.2 Examples

4.2.1 Work place analysis/identification of the most
stressful task

In order to help reduce musculoskeletal load sufficiently,
the tasks with the biggest impact on musculoskeletal dis-

order must be identified. One way of doing so, is to sim-
ply ask the employees what they think about which task is
themost stressful for their bodies (e.g., by survey [16]). But
in practice, this is not that easy. Most people do not dis-
tinguish their working tasks in such detail, as to be able
to give a clear answer about the specific activity which
will lead to the biggest musculoskeletal stress or disorder.
Commonly, the effect ofmusculoskeletal stress aka “pain”,
will be a result ofmany different working tasks such as lift-
ing, pushing or holding [10]. Especially if the stress on the
body is caused by factors other than a single load like fre-
quency and/or duration of the working tasks, it becomes
difficult to tell which specific activity might be the most
stressful. Additionally, general fatigue (mental and phys-
ical) can act as a contributor in the emergence of non-
ergonomic behaviour at the work place [12].

One way to overcome this obstacle is to use pain as a
proxy, that is, to take a look at the body areas where pain
occurs e.g. by using a questionnaire. In conjunction with
a deeper knowledge about the working conditions such
as the ones mentioned before, an expert in ergonomics or
biomechanics should be able to pinpoint specific activi-
ties out of the plethora of movements during the working
shift, which aremain contributors formusculoskeletal dis-
orders. As soon as these activities are identified, the ques-
tion arises whether they should be supported via a techni-
cal approach, e.g., a technical support system, or if other
interventions like a change of the working conditions or
educational instructions about ergonomics and working
behavior aremore likely to improve the situation. If a tech-
nical approach is inevitable or advisable, then it should
focus on the key areas of necessary support.

When it comes to the validation of the concept by eval-
uating the prototypes inside the lab and the field, themain
questions mentioned above have to be readdressed with
the additional influential factor of the technical artifact
and how it contributes to the assessed parameters’ out-
come.

4.2.2 Analysis of the baseline of physical activity

In lifting tasks for example, the lifting process can be
mainly contributed by the muscles of the legs, the lower
back or the arms. The share of each muscle group in per-
forming a task depends on the lifting technique or the area
of displacement of the object (e.g. from the ground onto a
table or from one table to another). Therefore, a support
device for lifting objects can support either the legs or the
lower back or the arms or a combination of these, depend-
ing on the specific lifting situation.
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Oftentimes, especially in complex body movements,
the exact contribution of muscle areas is not exactly
known. In these cases, themovements of interest are repli-
cated in a laboratory environment to undergo thorough
biomechanical analysis. Kinematic analysis with 3D mo-
tion tracking will help understand the motion and is the
state-of-the-art technique to compare individual move-
ments [3], e.g. of different employees (male, female, dif-
ferent anthopometry etc.). Electromyographical analysis
(EMG) of the working muscles will provide an insight into
the muscle activity, especially regarding the general ac-
tivity level and with respect to the issue, which muscles
are active at which point in time of the movement. The
use of force plates or force sensors will give information
about the overall load and/or applied forces during the
task. Hence, this biomechanical analysis will provide a
baseline of the activity itself, regarding movement, activ-
ity level and applied forces. All future enhancements, pro-
vided by the technical support system will later be com-
pared against this baseline in one of the following steps of
the development cycle. These measurements (3D motion
tracking, EMG) also yield quantitive data which helps to
integrate and evaluate user experience in general.

4.2.3 Research on force curves

In certain areas, this baselinewill not be sufficient to know
howmuch support is needed or in what manner the aided
forces should be applied. This might be due to insufficient
data on the human capabilities. E.g. human force is gener-
ated by the muscles not as a constant but as a force curve.
That is, the amount of generated force is dependent on
the corresponding segment angle [7]. Therefore, to pro-
vide the right amount of force, at least the conventional
force curve must be known. As a result, further biome-
chanical analysis of these basic parameters of human ca-
pabilities are necessary if they are not available via litera-
ture [2]. Moreover, the right amount of support is key to de-
velop systems which will help conquer the musculoskele-
tal overload without taking away too much effort of the
user thereby maintaining physical capabilities.

5 Exemplary Solutions Different
Applications

Based on the outlined theory for support, the approach of
Human Hybrid Robot (HHR) as well as the basic approach
for designingwearable support systems, we present exem-

plary solutions for supporting manual tasks in industrial
production. These can help to compensate lost function-
alities or improve the ergonomic conditions at the work-
place. However, respective insights can also be transferred
to other contexts, e.g., everyday life or nursing.

5.1 Support of Upper Body, Shoulders and
Upper Arms

The physical support during manual activities such as the
handling of tools or components at and above head level
can be affected differently by wearable systems. A distinc-
tion can be made here, in particular, with regard to the di-
version of occurring forces and the reinforcement of the
user. Differences in the basic structure of the mechani-
cal structure including the interface between the user and
technical system mainly exist
– in the force path, along which the force – exerted by

external loads – is transferred by the technical sys-
tems around body parts or regions,

– in the form of the coupling and arrangement of the
technical elements interfacing between the user and
technology, as well as

– in the internal structure and material of the elements
forming the system.

Two examples for this use case are shown in figure 5 a)
and b). The support system Jonny has been specially de-
signed to handle tools. It is a wearable, passive, uni-
versal system with a tool attachment based on a Steady
Cam mount (see [11]) and is equipped with a drilling
end effector. Especially the upper extremities are relieved
by this system. In addition, integrated components al-
low level compensation by actuators, a locking possibil-
ity is provided by suction cups and a distance sensor con-
trols the drilling depth [18]. The wearable support sys-
tem can improve ergonomics by transferring the weight
of tools (and components) normally carried by both arms
to the torso. In addition, the device can contribute to an
increased quality due to the integrated level compensa-
tion as well as the locking possibility and depth measure-
ment.

The support system Lucy is another approach for this
scenario. The system supports the shoulder-upper arm
area and does not initially provide a direct connection to
the tool. The force is transferred to the pelvis using an ex-
oskeletal structure for shoulder and back. [15] Pneumatic
actuators or gas springs realize the support against grav-
ity. The system Lucy reliefs the shoulder and upper arm
during strenuous tasks at or above head level. In addition
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Figure 5: Exemplary support systems for different contexts.

to physical support, we found evidence that work quality
and accuracy are also improved. These effects will be eval-
uated in further experiments.

5.2 Support of Lower and Upper Body

Physically demanding tasks, especially in combination
with a non-ergonomic posture, often lead to a high load
on the lower and upper back [5]. As in the first applica-
tion example, there are also different approaches. Two ap-
proaches are shown in figure 5 c) and d). Figure c) shows

a multi-limb exoskeletal spine [13], which supports the
back of the wearer with the aid of force, without limiting
the freedom of movement. The exoskeletal spine structure
is a technical backbone. Its rigid body elements are con-
nected in series in such a way that the momentary poles
of the technical system (each vertebral body) are coinci-
dent with the instantaneous poles of the human spine.
This design allows a high degree of freedom of movement
for the user and reduces relativemovements (betweenuser
and system) at the interfaces/attachment points to the
body. The support is provided by a connected actuator sys-
tem.
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The third variant, a variant with soft, textile-inte-
grated structures, uses the paper lamella technique [21].
Various constructions are possible. On the one hand,
the structure of the system is conceivable from a com-
pletely soft structure, with the three basic elements (ele-
ments with constant length, elements with variable length
and articulation elements) arranged parallel to the hu-
man body depending on the necessary properties [21] (Fig-
ure 5 d)). On the other hand, a hybrid system element –
soft and hard structural elements – is to be considered, for
example, a hard interface to the shoulder with a passive,
rotational degree of freedom and soft elements, which are
coupled to the arm.

5.3 Support of Wrist and Hand

The hands are involved in almost all human activities. In-
dividuals with a reduced manual function are therefore
severely restricted in living their daily lives. Gloveswith in-
tegrated actuators can be used to support hand activities.
One approach is illustrated in figure 5 e). Themuscle glove
[23] replicates the biomechanical properties of the human
hand. Technical tendons are actuated with a shape mem-
ory alloy. These act as an artificial muscle, in order to pro-
vide the forces required for the manual movement of the
phalanxes. Using a multitude of individually controllable
miniature shapememory actuators allows for a good repli-
cation of different hand positions and complex grip types.

6 Discussion
Support of human working conditions by wearable sys-
tems is an approach with a highly embedded technolog-
ical artifact right in between the worker and the task at
hand. Unlike other models of support, such as systems of
cognitive assistance, the support (as well as any possible
discomfort) is immediately felt by the user. Therefore an
intuitive and individualized system is key. People might
not knowexactlywhat kind of technology theywant, espe-
cially if the benefits are unknown. Thus, for the develop-
ment of technology which operates in such close proxim-
ity to the user, we propose a tight integration of the user
into the development process to gain as much informa-
tion about the interaction between user, task and support
system as possible. External expertise about human capa-
bilities and adaptations to changes in work load induced
by the system are an important asset. In order to keep the
right balance between healthy effort and overload of the
user, the system must not overcompensate.

Interaction between human and machine can take
place in different levels of coupling. In opposition to
more traditional approaches of human-machine interac-
tion which consist of a temporally serial coupling (human
and machine perform their tasks consecutively), the HHR
approach melts this interaction between human and ma-
chine into a tight integration (hybridization). As the tech-
nology should adapt to the user and not vice versa, the
technological solutions must be centered around the hu-
man needs and capabilities. Otherwise, the support sys-
temacts as an additional task to bemaintainedby theuser,
which could potentially lead to higher physical and cogni-
tive interaction costs [22].

Regardless of the actual technical system or area of
support the development process stays the same. Key as-
pect is a thorough analysis of the supported tasks and the
movements it comprises. In order to come up with a tech-
nical solution to support the task, its characteristics must
beunderstood.User acceptance is achieved,when theuser
itself is an integral part in various phases of the develop-
ment. Thiswill help to avoid dead end technologies,which
are mostly an outcome of poor user acceptance. Further-
more, the tight integration of the user gives a deeper in-
sight in the various parameters that have to be considered,
such as kinematics, kinetics, movement patterns, anthro-
pometry etc. The aforementioned method of development
aims to pre-assess the key influential factors of working
conditions on a multidimensional level and to integrate
the findings into the system’s basic concept. Nevertheless,
the complexity of socio-technical arrangements makes it
necessary to assess the feasibility of the technological ap-
proach by evaluating how the prototypes live up to expec-
tations in real work environments.

7 Summary and Outlook

This paper has outlined the general approach of the HHR
in the development of support systems for physical work-
ing tasks. The potential user, his needs and capabilities
as well as the task itself have to be analyzed thoroughly,
before the base technologies for the support system can
be selected. Furthermore, the user should play an inte-
gral part inmost research anddevelopment phases, as this
enhances the acceptance of the final system by potential
users in the field.
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