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ABSTRACT

While collaborative robots have made headlines through recent
industrial applications, they are not as widespread in industry as it
may seem. The authors of this paper believe that one reason for
this slow uptake is due to the high requirements on the safety and
the lack of engineering tools for analyzing collaborative robotics
applications. Systems engineering provides a good framework for
creating the engineering tools needed for faster and more reliable
deployment, but has only recently been applied to robotics
challenges. In this paper, we discuss the state of the art for
designing  robotics  applications  featuring  human-robot
collaboration (HRC) and then review existing systems
engineering approaches, which could offer support. Our review
aims to support the robotics community in the future development
of engineering tools to better understand, plan, and implement
applications featuring collaborative robotics.
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1. INTRODUCTION

The proceedings are the records of the conference. ACM hopes to
give these conference by-products a single, high-quality
appearance. To do this, we ask that authors follow some simple
guidelines. In essence, we ask you to make your paper look
exactly like this document. The easiest way to do this is simply to
download a template from [2], and replace the content with your
own material.
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Recently the field of collaborative robots has been making
impressive gains. There have been many reports of new
applications featuring them in industrial production, working
safely side by side next to humans. However, despite these
headlines and all the media attention paid to the subject, there are
relatively few collaborative robots in industrial applications
compared to standard industrial robots applications [1], [2].
Furthermore, their full potential has not yet been fully explored,
and many initial applications feature collaborative robotics doing
the same work as industrial robots, but simply without the fence.
One reason for this is that, despite the recent publication of safety
standards for robotics, the strict safety requirements pose a
difficult challenge for system integrators and robotics applications
designers. The most relevant safety standards for collaborative
robotics applications are the 1ISO 10218-1 and -2, as well as the
ISO-TS 15066. The ISO 10218-1 describes the general design
requirements for inherent safety of industrial robots for use in
collaborative applications. The ISO 10218-2 addresses systems
integrators and describes the hazards specific to a complete
system, the means for safeguarding against them, and the
requirements when introducing a system to the market. ISO-TS
15066 is currently only a technical specification. It defines the
four safeguarding modes and defines limits, especially for the
cases of speed and separation monitoring and power and force
limiting. The approach taken by all three standards is an
acceptance of the fact that every application is different and
questions regarding the process, the choice of safety components,
and their impact on the human and their work need to be answered
specifically for each case. Under no circumstances should
collaborative robots cause injuries to humans working near or
with them. From the business perspective, there is furthermore the
requirement that any process to which HRC is introduced should
not be impeded by it.

Current methods and tools for designing robotics applications are
at best only able to help answer individual questions but don’t
allow support to study the system as a whole. As a result, it
currently takes very long to develop and implement a simple
application featuring collaborative robotics, there is a lot of
uncertainty during that process, and there are no means for
determining whether the design decisions made are the best.

Systems engineering has been successfully applied to a number of
industries, most notably defense, automotive (AUTOSAR) [3] and
aerospace. These systems help reduce complexity, allow for reuse
of engineering artefacts including software, allow for early system



verification, and ultimately support more cost-effective
engineering efforts while at the same time reducing errors. While
there are a few instances of applying systems engineering to
robotics, there is no known instance to our knowledge of its
application with the aim of supporting the development and
commissioning of collaborative robotics in industry.

In this paper, we review work regarding the application of
systems engineering methodology to the design of robotics
applications, in order to understand whether it can be used as a
basis for supporting future work, or if we can learn lessons from
their efforts in the development of new tools to support designers,
applications engineers, and system integrators. Prior to reviewing
existing systems engineering approaches, we will briefly describe
the current process of designing and implementing a collaborative
robotic application, and formulate specific requirements on the
process.

2. DESIGNING COLLABORATIVE
ROBOTICS APPLICATIONS

In the following, we will briefly describe the current process of
designing and implementing collaborative robotics applications in
manufacturing industry.

2.1 Overview Current Design Process

The starting point for the design of the collaborative application is
a general idea of how the application should look. Figure 1 shows
the overall flow, with feedback loops where specific sets of
requirements are checked before the design can move to the next
step. The initial design will usually include the robot type and a
simple layout (including position of robot, pathways, material
flows, etc.). Once this layout seems sufficient to satisfy the most
basic requirements, the analysis will be expanded to include the
process. In general, the design becomes more refined as further
requirements regarding the process, safety, and conformity to
standards are considered.

In industry, there are a number of domain specific tools for
designing collaborative robotics applications. The standard
method consists of a project manager working with mechanical
and electrical engineers. The mechanical engineers work in CAD,
possibly with a robotics simulation environment or plug-in. They
model the overall layout, the material flow, and define the type of
collaboration with the human by also defining the human’s tasks.
They check that the initial requirements are met and choose the
robot type based on a few criteria such as payload, reach, and
specific customer preferences. The electrical system can be
designed in an electrical computer aided design (ECAD) program.
There is usually no direct digital connection between the
mechanical and electrical domains. Electrical components are
physically modeled and the cable paths are considered by the
mechanical engineers. Logical pathways, communication, and
electrical energy can be modeled in the ECAD. Once the system is
physically ready, the programmer can begin the process of
programming the robot. They rely on a variety of tools and
middlewares, and can sometimes use the simulation built
beforehand for their purposes.

The project manager oversees all sides and ensures that the status
is compatible and that any updates or changes are communicated
so that each individual team can update their individual models.

Usually the safety for a collaborative robotic application is
important, and either an extra safety expert is brought into regular
meetings or a member of one of the existing teams (electrical or
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mechanical). There are a number of dedicated tools such as
PAScal from Pilz which support the choice of the electrical
components and help ensure conformity according to functional
safety standard 1SO 13849-1.

Looking at this, we can see that the engineering tools are
fragmented. Any questions regarding “what-if” scenarios involve
teams of people with competing interests, unclear requirements,
and unclear means of ensuring that an optimal goal is reached.
This is a particular challenge with HRC applications, which
feature a large number of actors and components with many
interdependencies that cannot be easily managed.

Starting point: General idea of collaborative
application

v

Safety-oriented design

‘ no

General and essential
requirements are met?

¢ yes
Model process, tasks, type of HRC
‘ no
Define specific system limits and
requirements

v

Specific requirements are met?

A
A

¢ yes
Hazard identification

v

Risk evaluation

Is risk sufficiently low?

v no

Hazard elimination and risk reduction

v

Review
v

Is risk reduction achieved?

yes

v ves
Finish concept,
Begin development and implementation

Figure 1. Flow model of different phases during concept
(design) of a HRC application in manufacturing

In order to further define the scope of the work, the authors would
like to use the generic life cycle model for a project or commercial
system and refine it for a project regarding an industrial
application featuring HRC. The top row of Figure 2 shows the
structure of a generic life cycle model, starting with the concept
phase, and moving from there to the development, system
production phase to utilization and finally retirement of the
system. Underneath the generic structure is a refinement we
propose, showing the development phases of hardware and
software development, as well as safety validation necessary for
the commissioning and CE mark of the system. A further specific



challenge in collaborative robotics is the issue that any changes to
the robot program require a review of the safety validation and an
update to the CE mark. Returning to the example from the
previous section, we see that the activities where we identified
current challenges are specifically located in the concept and
hardware development phases.

Concept Development Production Utilization / Retirement
Support
aw | sw Safety Commissioning | Re-programming
Validation CE Mark Safety Validation
CE Mark Renewal
Figure 2. Life Cycle Model for industrial HRC application,
based on Generic Life Cycle Model from

ISO/IEC/IEEE15288:2015

2.2 Example Industrial Applications

In order to better illustrate the current challenges the authors see
in the design of collaborative robotic systems and narrow down
the scope of the work ahead, we would like to describe a few
example industrial applications. Behrens, Saenz, Vogel, and
Elkmann [4] present a series of simple questions to characterize
the type of collaboration. They define four types of interaction as:

- co-existence (no shared workspace),

- sequential cooperation (humans and robots are in the same space
at different times),

- parallel cooperation (humans and robots in the same space at the
same time, without contact), and

-collaboration (humans and robots in the same space, at the same
time, whereby contact is necessary and/or possible).

We will use their terminology to characterize a range of robotics
applications that are in use today. Laboratory applications will not
be considered since in laboratory environment the safety aspects
are normally not fully considered.

2.2.1 Machine tending

There are many examples of collaborative robots used for
machine tending. An example from the project MR_KOOP [5], an
industrialrobot is to be used to insert and remove parts into a
metal-working machine. An operator can travel through the
workspace at any time to access other machines and to take over
the robot’s tasks in special circumstances. In those situations, the
robot should stop. This application can therefore be classified as
sequential cooperation.

Figure 3: Sample HRC application from MR_KOOP project
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2.2.2 Robots in automotive assembly (final

assembly line)

There are a growing number of robots used in the automotive
industry in the final assembly line. Documented examples include
the certified system PART4you in use by Audi, which uses a KR5
with a bin-picking vision system to pick canisters from a box and
hand them to an operator at an ergonomic position [6]. While the
robot and the human have a handover, the system is set-up so that
the human and robot are not in the same workspace during robot
motion. Given that the robot is stationary during the handover,
this application is a case of sequential cooperation.

Another example is from BMW, where a Universal Robot pushes
the snap fittings of a door panel into place on a car door sub-
assembly [7]. This scenario can be characterized as sequential
cooperation, as the robot and the operator do not work at the same
time on the door panel.
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Figure 4. Collaborative door assembly application for Adam
Opel AG

A final example is the door assembly system made for Adam Opel
AG [8]. Here a high payload robot picks up the completed door
from a separate line and positions it next to the car while on the
moving line. An operator then can come to the robot, has the
option to hand-guide it within certain limits to fine-position the
door relative to the car. Then while the robot holds the door in
place, the operator can fasten the door to the chassis and connect
the cables between them. The operator then signals to the robot
that the door is correctly fastened and the robot releases the door
and starts the process anew. This is a much more complex task,
featuring sequential and parallel cooperation, as well as
collaboration (when the robot is hand-guided).

2.2.3 Palletizing robots

In addition to non-collaborative robots, there are known cases of
robots used for palletizing that are able to work in close
collaboration with humans [9]. The system removes boxes from
two parallel conveyors and stacks them on two pallets, located at
the end of the conveyors. Operators can remove a full pallet and
place an empty pallet in its place on one side, while the robot is
still stacking on the other side. This application can be
characterized as sequential collaboration during the nominal
situation whereby the robot stacks a pallet, and as collaboration
when the operator enters the workspace to change a pallet. This
system is safeguarded through power and force limiting.

2.2.4 Summary existing industrial
applications

While each system may seem relatively simple from an outsider’s
perspective, the time from the first concept until the certified
system in operation can take upwards of 1-2 years’ time. This



lead-time is longer than standard automation projects, and
uncertainty during the concept and development phases with
regard to conformity to the new HRC standards is a major
contributor. The majority of the examples explained here and in
use feature sequential or parallel cooperation, and as a first step
towards developing new engineering tools and methods to support
the concept and development process for industrial applications
featuring HRC, we propose focusing on these types of
applications.

2.3 Requirements on Improved Design

Process

Using the current method as a starting point, we would like to
formulate a few requirements for an engineering tool and/or
approach to streamline the design process.

- Requirements tracking (can the process of checking
whether a design fulfills the specified and explicitly formulated
requirements be automated or supported)?

- Support for consideration of safety-related questions
(according to 1SO 10218-1, -2 and ISO-TS 15066) in addition to
other related standards and directives

- Support for what-if analyses covering all aspects of an
HRC application to improve/ optimize designs (e.g. How is my
application affected when | speed up / slow down the robot? How
does the required minimum protective distance change depending
on the sensor choice, position in the workspace, etc.?)

- Support for data round-tripping so that system models
can be used together with existing engineering tools such as CAD
and simulation software.

- Allow for verifiable and certifiable results. As an
example, if the engineering tool results in a specific configuration
for a safety sensor, then an output of the engineering tool should
be the sensor configuration for the specific sensors used in the
application.

- Allow for definition of specific verification steps to
ensure that the real implementation corresponds to the model with
a high level of integrity.

The engineering tool and its connections to CAD during concept
and development phases and to the real implementation during
production, utilization and support phases is schematically shown
in Figure 5.

Engineering tools to support ~ ™=~ _
~<_ verification of real system

_-~"""Engineering tools to support =<
concept and development _-~
.

Figure 1. Schematic drawing showing connection between
proposed engineering models, CAD/CAE for design, and real
world implementations

This approach is very specific for the task of concept and design
of HRC systems, as well as the later work during development
and implementation. The concerns of the mechanical, and
electrical engineering teams are that the system is built in a way
that all the requirements are fulfilled, and also that the real
implementation corresponds to the modeled system. The second
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step, if done correctly, could potentially save lots of time and
eliminate a large source of error during the commissioning phase.

3. SYSTEMS ENGINEERING

APPROACHES FOR ROBOTICS

Systems engineering (SE) [10] is a broadly defined field which
seeks to understand man-made systems by concentrating on the
whole system as distinct from the parts. It starts by defining
requirements at an early stage and bringing together different
engineering disciplines to design and validate a solution while
maintaining consideration for the complete problem. This
approach has been successfully used for a number of other
industries featuring a high level of complexity, including defense,
aerospace, and automotive industries. SE is particularly well
suited for a complex system such as a robotics application
featuring HRC. In this case, the parts of the system include the
robot, its tools, the safety sensors and safety control system, the
human operators, the environment, and other production systems
(including other applications featuring HRC). The application of
SE can help reduce complexity, will allow for better reuse of
engineering artefacts including software, and most importantly
from our point of view, using SE for HRC applications will lead
to more cost-effective engineering efforts with a reduction in
errors and uncertainty about the final system. While there are a
few instances of applying systems engineering to robotics, there is
no known instance of its application with the aim of supporting
the development and commissioning of collaborative robotics in
industry in the life cycle phases as indicated above.

In the following, we will review known systems engineering
approaches in the field of robotics and describe their application
to the formulated problem

3.1 Model-Based Software Engineering
Model-based software engineering uses an SE approach to address
the programming of a robotic system. Issues addressed by this
work include the fact that writing software code is a time-
consuming and expensive process, that this code is nevertheless
often not reusable and can become obsolete with changes to the
robotic systems’ hardware configuration. The BRICS project [11]
supported the idea of model based engineering and aimed to
support components reuse in robotics through dissemination of
best practices. The models used were however not sufficiently
specified to allow for significant re-use.

Recent work in this field [12] [13] focuses therefore on the meta-
models to allow for more generic modeling of the robotic system
with the specific aim of automatically generating software code,
both offline (prior to robotic action being initiated) and during
run-time. Here an entire toolchain for modeling was developed in
a UML environment. In these cases, the aim is for a programmer
to specify high level tasks in the task model such as “grasp cup”
versus programming a specific set of actions. Furthermore,
generic interfaces were created so that the models could be used
with a number of different specific tools for software creation. In
addition to generating software for a robot based upon the models,
other quality of service aspects such as run-time ability were able
to be evaluated. This work focuses on the software engineer’s
point of view, and less on the overall design and consideration of
safety aspects from the mechanical point of view.

When viewed according to the life cycle model from Figure 2, we
can see that the focus of these efforts starts in the development
process and is relevant throughout the production, utilization, and
support phases. This is in contrast to the stated aim of the authors



to support designers and system integrators during the concept
and development phases.

More recently, the H2020 project RobMoSys [14] seeks to build
upon this work by offering cascaded funding to develop a larger
set of models and engineering tools that will serve the entire
robotics community. The project places a focus on applications
featuring mobile manipulation, and it remains to be seen whether
an approach as described in this paper will be considered by the
project.

3.2 Model-Based Risk Analysis

There has also been recent research focused on the use of model
based engineering methods to support risk analysis for robotics.
Earlier work [15] initially used UML as the modeling language to
analyze the safety of a medical robot. In particular, the work
focused on an analysis of the task and of possible human errors, to
understand and handle human errors while working with the
system. Further, the authors sought to support the risk analysis by
identifying hazards and applying the Failure Modes, Effects and
Criticality Analysis (FMECA) technique. Further work [16]
proposes an approach to apply the HAZard Operability (HAZOP)
technique with UML models. The authors chose the HAZOP
method since it can be used earlier in the engineering process than
FMECA, and that it can include human activity as a source of
hazard. Also of interest is the author’s focus on the use of use-
cases, sequence and state diagrams to analyze the system. The
system is not able to identify all hazards, but focuses on
operational hazards linked to human-robot interactions. The
method has been applied to a number of robots from research
projects, including lightweight industrial robots, mobile
manipulators, and an assistive robot for healthcare applications.
Further work [17] describes a domain specific modeling language
for robotic systems called RobotML, which is used to generate a
fault tree analysis and supports formal verification methods.

While the topics of safety in the aforementioned works are
covered, they are not addressed in a way that a mechanical
engineer approaches the issue during the concept and
development of an application featuring HRC. The size of safety
zones and the overall effect of safety requirements on the
environment, on the type of interaction, and on the overall process
are not considered. Furthermore, this approach does not
sufficiently address the concept of requirements engineering to
ensure conformity with the collaborative robotics standards
10218-1 and -2, as well as the ISO-TS 15066.

Gribov and Voos [18] use SysML models and requirements
engineering to check whether the standard ISO/DIS 13482 is
fulfilled in the early design stages. However, this work assumes
that the robotics hardware is not changing and only focuses on
software issues, including how to represent software issues in a
formalized way and how to define an engineering process which
provided evidence of safety and allows for software reuse.

We therefore see that future work to support the design of
industrial applications featuring collaborative robots can build
upon this previous work. In particular, the application of systems
engineering methodology and the use of requirements engineering
to ensure conformity to a specific standard early in the design
process will be a good starting point.

3.3 Ontologies for Robotics

In researching model based system engineering approaches, the
concept of ontologies and their use in robotics also becomes of
interest. Ontologies formally describe a system so that it is
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machine understandable. With the advent of the internet, there
were a lot of efforts put into developing both general and domain
specific ontologies to make content on the internet machine-
readable and in an effort to organize information. When creating
models of robotic systems which are reusable, existing ontologies
could be a useful source of inspiration or starting point.
Nevertheless, there is the caveat that ontologies are imperfect and
are made to represent a specific domain or area of interest.

Notable efforts regarding robotics and sensor ontologies include
the Roboearth project [19], whose aim was to use existing
information from the World Wide Web (WWW) to support
robotic task accomplishment and to create a world wide web for
robots so that they can exchange information between one another
and which focused on the semantic representation for actions,
objects and environments. Further work in this direction [20]
focused on using these ontologies to support Al-assisted task
planning. In this case, the aim was to let a robot reason about its
movements and generate executable motions that are adaptable for
different robots, objects and tools. Another notable effort at
developing an ontology for the robotics community is the IEEE
Core Ontology for Robotics and Automation (CORA) [21]. At
this point it has only specified a relatively high-level ontology,
which nevertheless allows for the use with other existing
ontologies. Working groups are currently working on refined the
ontology by describing tasks from a variety of robotics domains,
including industrial robotics, in order to make the CORA more
usable within the community. Sensors are also an integral part of a
robotic system featuring HRC, and there have been considerable
efforts at creating sensor ontologies. Eastman, Schlenoff,
Balakirsky, and Hong. [22] present a good overview of currently
available sensor ontologies.

The work we propose does not focus on ontologies. Nevertheless,
in order to create reusable models and as an effort to avoid
reinventing the wheel during the modeling efforts, ontologies
could prove to be a useful reference, and our approach will be to
review these existing ontologies, in particular with regard to
robotics, sensors, and environment, when creating our models.

3.4 Industry 4.0 Framework

Another interesting modeling effort that has recently begun is the
Industry 4.0 reference architecture [23]. It seeks to create a unified
model of industrial components that are parts of “Industry 4.0” to
allow for better design, interoperability, and usage. As a means to
describe the parts completely, it combines a number of established
standards including the IEC 62890 for defining the life cycle and
value stream and the IEC 62264 and IEC 61512 for defining
hierarchy levels. It is more engineering oriented than an ontology,
and the aim is industrial standardization. Just like with ontologies,
it would make sense to consider the framework when creating the
models we propose. Any model which fully conforms with
Reference Architectural Model Industrie RAMI 4.0 will be very
rich with semantic information and will contain much more
information than needed for modeling HRC applications.
However in view of the fact that HRC applications are at the core
of Industry 4.0, and with a forward view towards compatibility
and reusability, it would at least be interesting to see how RAMI
4.0 can be taken into account in the modeling effort. A goal would
be to have models that are RAMI 4.0 compatible, which only
contain the information that necessary from the designer point of
view.



4. DISCUSSION

Based on the requirements derived in Section Ilc, and on the state
of the art, we see that there is a gap between existing systems
engineering approaches for robotics safety and current
engineering best practice. Any new engineering tools for
supporting engineers during the conception and development of
industrial HRC applications need to interface with existing
CAD/CAE tools to ensure a smooth workflow and should feature
requirements engineering based on the three most relevant
standards for collaborative robots, namely the 1ISO-10218-1 and -2,
as well as the ISO-TS 15066. Finally, from the viewpoint of a
system integrator, any engineering tools will also support the real
world implementation, e.g. by verifying that the real set-up
corresponds to the modeled system. This will ensure that the
requirements fulfilled in the modeled system are also satisfied in
the real world and help reduce transcription errors, and will
include further support, e.g. for simplifying the parametrization
process of safety sensors.

5. CONCLUSION

The design and development of industrial applications featuring
HRC currently present engineering teams with a particular
challenge. HRC applications are highly complex systems with a
large number of individual components that have a large range of
interdependencies. Existing engineering tools are fragmented and
it is difficult to understand the trade-offs made in the concept and
development phases of a new system.

In this paper, we have first described the current methodology for
designing an industrial application featuring HRC and presented a
few examples of how these applications currently look. We then
made the case for using a model based systems engineering
approach to better support the design process and defined initial
requirements for new engineering tools.

We then presented an overview of the state of the art of methods
using Model-Based Systems Engineering (MBSE) in robotics, and
described how these relate to our proposed method. Finally, with
an eye towards reusability and compatibility with other modeling
efforts, we also identified specific ontologies and the RAMI 4.0 as
other supporting efforts which are related to the systems
engineering approach and which should be considered for future
developments in this field.

The authors have begun modeling HRC systems with the aim of
developing the engineering tools as specified here. Future
publications will describe these efforts towards application of
MBSE methodology to the task of designing industrial
applications featuring HRC.
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