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Abstract

The high dynamics of globalized markets and their increase in competition, as well as the demographic changes in western countries causing an
increasing shortage of skilled personnel are resulting in major challenges for production companies today. These challenges relate in particular to
the processes of assembly forming the last process step in the value chain due to its high share of manual labor. Collaborative assembly, which
is characterized by immediate interaction of humans and robots, utilizes the strengths of both partners and is seen as an opportunity to achieve a
higher level of flexibility in assembly just as well to support and relieve people of for instance non-ergonomic tasks through automation at work.
Although almost every robot manufacturer already has collaborative systems in its product portfolio, these are not yet widely used in industrial
production. This might have a variety of reasons, such as the fear of a risky investment or the lack of expertise within the company related to
collaborative systems. This article shows a conceptual method that helps companies implementing human-robot-collaboration in their production
more quickly and with less implied risk, thus addressing the forthcoming challenges. As a first step, companies must be qualified to make a
suitable selection for a possible collaboration scenario. To achieve this, they need a tool to analyze and to evaluate their production processes
according to their suitability for human-robot-collaboration. An important feature for an easy and effective use is that the process is formalized so
that employees of companies can quickly and easily analyze different processes. The necessary criteria and procedures are developed accordingly
and are integrated into the selection method. The main goal is to give the company a recommendation which of their processes are most suitable

for human-robot-collaboration, so that they can be used effectively in their production.
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1. Introduction

In today’s world, manufacturing companies face a change
in the demands placed on them. In addition to the usual tar-
gets such as production costs and quality, characteristics such
as speed and changeability are becoming increasingly impor-
tant [1]. The number of product variants continues to increase
and at the same time the product life cycle is shortened due to
the increasing speed of innovation [2]. This results in a trend
from large to flexible and medium-sized quantities as well as
the striving for a growing quality of the products [3].

Traditionally, the production of large quantities has been
implemented economically by fully automated production.
Among other things, it is characterized by high productivity
and consistent product quality [4]. The rigid interlinking and
the special orientation of the means of production to a particular
activity, however, result in extremely low flexibility with regard
to product changeovers. The increasing variety of variants and
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decreasing batch sizes mean that automated assembly is often
not economically feasible due to time-consuming setup proce-
dures. The application possibilities of conventional industrial
robots, which are often used in production due to their flexibil-
ity, also reach their limits. Time-consuming reprogramming is
required for each variant change.

Companies must therefore adapt to these changing market
conditions in order to remain internationally competitive. Un-
fortunately, the automation required for this goal leads to limi-
tations in flexibility. However, human perception and decision-
making are required for complex production steps, so these pro-
cesses are still carried out manually today [1].

One way to increase efficiency in this situation is the human-
robot collaboration (HRC), in which humans and robots work
directly together at one workplace. The human robot collab-
oration, as an example of a hybrid assembly system, lies be-
tween manual and automated assembly with its variety of vari-
ants, productivity, quantity and flexibility [5]. In addition to
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the possibility of designing economic working place systems
by means of an appropriate distribution of work, the HRC can
also improve the ergonomics and age-appropriate design of the
human workplace with regard to the demographic change in
some countries [6].

Many research groups are therefore concerned with the op-
timal planning and design of human-robot collaborations. Thus
there are already first approaches for various design criteria
such as the cell structure [7], the safety concepts [8], the im-
provement of ergonomic conditions [9] but also of used path
planning algorithms [10] in HRC workcells.

There are many different interpretations and definitions of
human-robot collaboration in literature [11]. In this work, we
will subdivide the different workplaces into coexistence, coop-
eration and collaboration. These subdivisions can be defined
according to the task, workspace and workpiece. The term
coexistence describes the existence of human and robot in a
shared workspace. The simultaneous but independent work is
carried out at a safe, collaborative workplace without the need
for safety guards between humans and robots [11]. Human-
robot cooperation describes a concept in which work actions
and the necessary information are exchanged between humans
and robots. The participating partners have a common work-
station, which eliminates the strict separation of the worksta-
tions of the robot and the worker. However, there is a temporal
separation of the processing, so that both partners do not inter-
act with each other at the same time. Collaboration refers to
a situation in which humans work directly with the robots at a
common workplace without separating safety installations. The
interaction partners carry out a task together, so that a contact
between them is possible at all times [11].

This paper presents a procedure to initially check existing or
future workplaces for their suitability for HRC. The procedure
is based on an assignment of work tasks between humans and
robots within the workplace. This fact was named among oth-
ers by Tsarouchi [12] as challenge of HRC. In order to create a
better comparability between workplaces and thus to get a bet-
ter choice of a possible process, new characteristic values are
developed. These parameters should give an overview of how
much people and robots work together in a process.

At the beginning of the paper, some industrial applications
with different characteristics of human-robot interaction are
presented. Subsequently, a concept for a general guideline for
the implementation of human robot collaborations will be pre-
sented. The potential check is presented in the following chap-
ter. Based on a summary, an outlook on future work is given.

2. Human Robot Collaboration in Industrial Environments

Human robot collaborations are seen as a tool for manag-
ing the before mentioned challenges. This is also illustrated
by the fact that large manufacturers present their modern pro-
duction lines in which people and robots work collaboratively
on their trade fair stands and social media platforms [13], [14],
[15]. By demonstrating this modern technology in their own
production facilities, the manufacturers hope not only to bene-
fit from the advantages of semi-automating manual work pro-
cesses, but also to have a good publicity impact. In most cases,
however, this is not a human-robot collaboration with regard to
our definition. Often, a robot that is capable of collaboration

is used instead of a conventional robot with safety fence with-
out making any changes to the production process [16]. Con-
sequently, there is no real cooperation between human and ma-
chine in the same workspace. Instead, both parties work in their
own workspace and the interaction is limited to a small transfer
area. Volkswagen, for example, is also using this type of co-
operation to assemble delicate glow plugs in its engine blocks
[17]. The use of a collaborative robot in this application of-
fers several advantages, such as compact integration into the
existing production process and improved ergonomics. Never-
theless, the robot is not used collaboratively. The operator and
the robot work at separate stations of a conveyor system where
their workspaces overlap only slightly. In contrast, however in
research there are already some examples of successful collab-
oration between humans and robots [18], [19]. Additionally the
big robot manufacturers have presented many possibilities to let
a robot collaborate with a human, also the shown examples of-
ten appear very forced and economically not meaningful [15].
This is mainly due to the great difficulties caused by the robot’s
limited handling and sensoric capabilities for possible applica-
tions [20]. As a result of the high technical and social com-
plexity of a collaborativ application, many of the users require
assistance in the selection and design of a suitable application.
Furthermore, a method is required to facilitate the planning of
a human machine collaboration in an industrial environment.

3. Concept of Introduction

As these applications show, some users of robotic systems
are already trying to use human-robot collaborations in their
companies. However, cooperation is often limited to the han-
dover of individual parts. Symbiotic cooperation, as which
HRC is considered, has only been implemented in very few
applications. A possible approach is the local and temporal
overlap of workspaces. According to DIN ISO 10218 [21], a
force and power limitation is needed. For this purpose, robotic
systems must be used which can actually detect or prevent a
collision. The reasons for this can vary widely. For example,
many companies are uncertain about the precise planning sys-
tem. Safety aspects in particular are regarded as critical, since
employees must not be injured under any circumstances. In ad-
dition, there are also challenges in the area of the further struc-
turing of workplaces. The technological characteristics of the
individual systems must be adapted to the respective applica-
tion. In addition, there are the legal standards and guidelines
which must be taken into account. Another point is the accep-
tance of the employees towards the collaborative systems. Only
accepted systems are going to be used by employees in produc-
tion, which increases productivity. In order to support compa-
nies in meeting these challenges, our research project SafeMate
pursues the approach of developing a guideline that can be ap-
plied in any industry. We have combined the sub-processes re-
quired for this in a general structure (see Fig. 1).

Based on a potential check, existing jobs are gathered, evalu-
ated and checked for their suitability for HRC. Based on the as-
sembly priority graph and a time analysis, new concepts for the
process flow are then created. The processes are designed us-
ing a technology database and the relevant standards and guide-
lines. The technology database contains the state of the art
with regard to commercially available hardware. In addition
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Fig. 1. Concept of a general implementation process for HRC workstations

to the collaboration-capable robots, sensory systems for gen-
erating co-operations and coexistence are also listed. Finally,
the developed concepts are evaluated technologically and eco-
nomically in order to make a statement about the suitability of
the concept for the application. From a technological point of
view, aspects such as process reliability, flexibility and material
handling are taken into account. Acquisition costs, amortisation
periods and possible manufacturing costs are also important cri-
teria for the economic evaluation, so that production companies
have a good basis for decision-making. The following points
are the result of this general process:

system proposal (robot)
required safety technology
target process

acceptance prognosis
harmlessness prognosis (safety)
economic efficiency prognosis

The elaboration of the individual phases is now part of the
project. For this purpose, we proceed strategically in such a
way that we begin with the first process of potential analysis,
as it has a major impact on the subsequent processes. This is
presented in the following section.

4. Potential Check for Possible HRC Applications

The goal of the potential check is to quickly obtain an
overview of whether a process is suitable for HRC or not. The
user should be able to get an overview of where the critical
points at existing or future workstations are in regard to pos-

sible HRC applications with the least possible effort. For this
purpose, a two-stage guideline is implemented in which crite-
ria are queried and examined for their suitability with regard to
HRC. The two-stage guideline is designed in such a way that
in the first part, simple questions generate a first overview of
the application. In the second step, the application case is eval-
uated in more detail. The focus is on the individual activities
and their possibilities for automation (see Fig. 2). The first part
is based on a questionnaire to determine a general potential for
collaboration between humans and robots in the application to
be evaluated (similar to an approach of the Fraunhofer Institute
for Production Engineering and Automation (IPA) in Stuttgart).
In our approach, we first ask questions about the enablers and
inhibitors to HRC implementation with regard to the properties
and restictions of the existing applications. Based on this, a
recommendation is made to take a closer look at the process or
better to analyze another one. This may be due to the fact that
the system was found to be more suitable for purely manual
implementation or for full automation. The result can be used
as the basis for a future HRC implementation. Subsequently,
the sub-processes are analysed in more detail in the second part
and examined with regard to their suitability for HRC. Individ-
ual tasks are evaluated by a user in this process. Key figures for
a better comparison between the workplaces are determined.
This includes in particular the prior experience and internal ac-
tions of companies.

initial situation:
processes

filter: Selection of
HRC potentials
(first evaluation)

Process model for
determining the
collaboration potential
(second evaluation)

Further steps to create
an economical, safe
and accepted HRC

Simple and generic procedure
for finding solutions

Fig. 2. Concept of a two-stage potential check

After and between both process steps of the potential analy-
sis, it is possible to abort the further process. This is to prevent
avoidable effort if no particular suitability can be determined at
an early stage. If a potential is identified, the guideline for the
design of economical, safe and accepted HRC:s is continued.

4.1. First evaluation

In the first step of our approach, we focus on enablers and
inhibitors of HRC systems. Enablers and inhibitors mean the
properties or boundary conditions of processes that influence
the suitability for human-robot collaboration. The individual
properties have arisen both from the IPA’s potential detail check
and from discussions with companies experienced in HRC. The
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experience gained by the companies is based on the implemen-
tation of use cases in various manufacturing industries with dif-
ferent types of collaboration (coexistence, cooperation, collab-
oration). The challenges can be summarized in the following
criteria:

cycle time and process speed

ergonomics

material composition and supply (high risk)
positioning accuracy

tools

skills

workplace size

variety of variants and work sequence

special boundary conditions/environments (high risk)

These subject areas are assessed by the user so that a rec-
ommendation for an action can be determined with regard to
suitability. For most criteria, common methods of analysis can
be used which have already proven their effectiveness in au-
tomated systems. HRC specific criteria, such as ”skills” or
”tools”, can only be determined in terms of quality and given
application. Cycle times and required speeds are important
characteristics in terms of feasibility and economic efficiency.
In collaborative operation, i. e. with force and power limita-
tion, the speed of a robot is severely limited. This means that
many processes that initially possess a potential can no longer
achieve the required cycle time.

Ergonomics provide an important motivation for the imple-
mentation of HRCs. Companies often recognize HRC as a tech-
nical opportunity to improve ergonomic conditions. These can
have both physical and psychological origins. The focus is on
heavy loads or monotony in particular.

However, important criteria that must also be taken into ac-
count in conventional robotics are the material properties and
the availability of the components. If the user of robot systems
wants to dispense with additional sensors, an accurate supply
of components is required. This is the only way to ensure that
the robot can pick up the components correctly and place them
again at the appropriate assembly position.

The required positioning accuracy is of particular inter-
est when selecting the implementation concept. Collaborative
robots often have a lower repeatability accuracy than conven-
tional robot systems. For this reason, a force and power limi-
tation may not be possible and conventional systems with addi-
tional sensors may have to be used.

The tools contained in the process are relevant insofar as
these parts must not be guided by the robot if they can injure
human beings. This must be taken into account in the planning
process.

”Skills” means the knowledge of the existing employees in
relation to HRC. For the design of HRC workplaces, skilled em-
ployees are still needed at the moment, because in contrast to
conventional systems, other criteria like additional standards or
guidelines, must be taken into account. These skills must either
be worked out in a time-consuming manner or new employees
already having the knowledge must be hired. Furthermore, em-
ployee acceptance of HRC systems is more predictable when
systems are already in use in the prodcution of a company. Ac-
ceptance of HRC systems is important because they can other-

wise be rejected by employees, which contradicts effective use.

Workstations must not exceed a certain size, since robots
capable of collaboration usually have a limited workspace and
are therefore not intended for handling long distances.

A high number of variants in production can lead to the fact
that HRC systems cannot be used sensibly. Particularly when
gripper changes become necessary in the process, the cycle time
required can often no longer be maintained. On the other hand,
HRC systems can also support the production of a large number
of variants. This is always the case if the robots do not have to
be retrofitted after each component, but can carry out the task
for a longer period of time. In the subsequent conversion to
another product, however, the robot can react very flexibly to
changing requirements by carrying out a different task without
any major adjustments.

In the area of “special boundary conditions”, environmental
conditions of the workplace or production are primarily ques-
tioned. Very warm environments or workplaces with EMC ir-
radiation have to be looked at and evaluated.

In addition, the actual motivation of the project is interesting
for the first evaluation. For example, if the ergonomic improve-
ment of a workplace or an increase in quality aspects is abso-
lutely necessary, the economic efficiency of the system can be
of subordinate importance.

Under certain circumstances, it may only be possible to set
up a safe HRC system with great effort. Since the implemen-
tation of these workplaces usually entails high economic risks,
high risk criteria are defined. This prevents too much work from
being invested in determining further potential. These criteria
include, for example, the handling of cutting tools by a robot,
since the risk of injury for the worker is too high (part of "ma-
terial composition and preparation”). Even special boundary
conditions such as warm ambient conditions and highly flexi-
ble materials can make the integration of a conventional HRC
system more difficult. With these “high risk™ criteria, it is not
possible to plan an HRC system with little effort.

At the end of this evaluation step, there is the possibility to
terminate the process and examine further workstations. This
may be due to the fact that no or only a limited suitability for
HRC has been found or even full automation is possible. In the
case of an existing potential, the process must be considered in
the second step.

4.2. Second evaluation

After a potential for the workplace in question has been iden-
tified, it is investigated in a second step. The process is divided
into its sub-processes so that individual activities can be eval-
uated. The developed system for the methodical determination
and evaluation of HRC application potentials is based on a pro-
cedural model, which is presented in Figure 3. The guideline
essentially consists of nine steps. The first three steps are inde-
pendent of the observed process and are only carried out once
per company to consider the respective needs. Steps four to
nine, on the other hand, are process-dependent steps and are
conducted specifically for each process (see Fig. 3). In the first
step, you define evaluation criteria to which different character-
istics are assigned. The criteria are used for a multi-stage de-
cision as to whether humans or robots are better suited for car-
rying out an assembly operation. The definition of evaluation
criteria is based on methods of Beumelburg, Deutschlander and
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Fig. 3. Stages of the second evaluation

Ross which in their works have dealed with the topic of assem-
bly planning [22], [23], [24]. Examples of evaluation criteria
include the possibility of gripping the object, required joining
accuracy, accessibility of the joining or gripping point or phys-
ical/psychological loads for the worker. The list can be created
individually by the user (see Fig. 4). In the second step, the
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termine the capability index, a comparative evaluation between
human and robot is carried out with regard to cycle time (EC),
additional investment (EI), process safety (ES) and ergonomics
(EE). The evaluation is based on the scale 0, 0.5 and 1, which
corresponds to the attributes "worse”,’equivalent” and “better”.
The ability ratios for the human or robot are calculated accord-

ing to the following equation:

Ec+E+Eg+ Egp
4

(1

Eioral =

The ability numbers for humans and robots always add up
to 1. Once the process-independent part has been completed
(steps 1-3 of Fig. 3), the process-dependent part that has to be
executed for each process again. The assembly process under
consideration is first divided into useful partial operations. In
step four, a selection of the relevant criteria is made. This means
that it will be checked which of the criteria defined in the first
step actually applies to the subprocess and which characteris-
tic value exists (e.g. see example in Fig. 4 ”component size”:
no extreme geometry/very small components/criterion not rel-
evant). In the fifth step, the suitability of the sub-process for
humans resp. robots is determined on the basis of the previ-
ously determined weighting of criteria and the capability in-
dex. This suitability level is calculated for each sub-process.
In the sixth step, the actual assignment between humans and
robots is carried out for all subprocesses. The basis for the as-
signment is formed by the previously determined criteria and
known process restrictions. Afterwards, the determination of
an assignment level "AL” and an interaction level ”IL” is car-
ried out in the seventh step. These values should provide an
opportunity to evaluate the cooperation. Both figures can have
a value between ”0” and ”1” (see Fig. 5). “AL” indicates
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x
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Fig. 4. Definition of evaluation criteria

previously determined criteria are weighted. The relevance of
the criteria for the assembly processes of the respective product
is determined. The evaluation helps to integrate the company’s
requirements more closely and to better reflect the respective
relevance for the process or product. In the third step, the skill
indices are determined according to Beumelburg [22]. To de-

A
e 1 — S
2 4 N
/ \
/ \
/ \
4 HRC \
— / \
= / \
= l \
o | \
g SlsS |
e = ——
g 05— oA
- ~_ - ~
= - e - ~
Y 7 N
o /
= \
[4] / \
> -
2 | coexistence |
AR R N
N N s 7
N \ / e
RS | =%
man. H~_ _— - autom.
s \
g o J . >
0 0,5 1
human level of assignment (AL) robot

Fig. 5. Classification of workplaces in relation to the level of assignment (AL)
and level of interaction (IL)

how many sub-processes have been assigned to the robot or
worker. An ”AL” of 1 would mean a complete transfer of the
processes by the robot, while 0 means a purely manual execu-
tion. ”IL” defines how often partners interact with each other. 1
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would mean that the individual sub-processes are executed al-
ternately by the robot or the worker. This results in a portfolio
with the application areas of manual assembly, fully automatic
assembly, human robot coexistence and human robot coopera-
tion. Step eight examines whether an HRC application poten-
tial exists. For this purpose, the determined values for "AL”
and ”IL” are compared with the values in Figure 5. In step nine
the user checks whether the sub-process steps can be shifted to
get larger “manual” or “automatic” groups. If this is the case,
a human-robot coexistence can also be implemented instead of
a human-robot cooperation, since block formation reduces the
value ”IL”. This can bring advantages in the implementation
of new system, which can also be seen in the high number of
already implemented coexistences compared to the collabora-
tions in production environments.

The presented procedure is currently carried out in the form
of a self-calculating table. The user is guided through the indi-
vidual steps by instructions. With this two-stage guideline, the
user is given an indication which workstations have HRC po-
tential. Furthermore, depending on the allocation of the work
contents, recommendations are made with regard to the type of
implementation (coexistence, cooperation, etc.).

5. Conclusions and Outlook

This paper presents a concept for a general approach to sim-
plify the implementation of HRC workstations. Some of the
industrial applications presented show that robots capable of
collaboration are not used in collaboration, but only carry out
automated activities without a protective fence. In order to in-
crease the number of collaborations in production environments
and thus to benefit from the systems, a guideline for the simple
design of workstations is presented. The potential check, which
is the first part of the procedure, is described in more detail. In
a first step, workplaces are quickly examined for their suitabil-
ity as HRC application based on established criteria. Should
this step reveal the absence of HRC potential or even full au-
tomation is conceivable, the process can be aborted and a new
workstation can be examined.

In the second step, the process is divided into sub-processes
and the suitability for (partial) automation is examined. These
sub-processes are evaluated by the user in relation to the re-
spective application. This results in the two values “degree of
assignment” and “degree of interaction”, which are an indica-
tion of the ability to collaborate. These two values are then used
to classify the assembly process in a portfolio.

In further work, this two-stage procedure will be worked out
in more detail. In addition, a software tool is to be developed
at the end that guides the operator through the potential check.
This can be helpful in identifying a suitable workplace. Fur-
thermore, the other sub-processes of the overall concept have to
be worked out, so that an integrated system is designed, which
supports companies in the implementation of HRC workplaces.
These should also be integrated into the software tool.
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