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A B S T R A C T

In previous scholarly literature, safety is understood as a main obstacle for introducing human–robot
collaboration in industrial production. This interdisciplinary paper is concerned with the safety and regulation
of human–robot collaboration and contribute to this debate through a case study of stakeholders in Sweden,
exploring the views of the involved stakeholders which is largely absent in previous research literature. The
case study concludes that while stressing some potential benefits, stakeholders within the industry are generally
reluctant to human–robot collaboration. Current regulation and safety standards are understood to be one of
the prominent obstacles to such solutions. Based on the perspectives of the stakeholders as well as an analysis
of current regulation and safety standards, the paper identifies the following problems with current regulation:
(i) existing categories and conceptualizations used to guide safety evaluation are problematic, (ii) intelligence
and autonomous aspects of collaborative systems are not sufficiently addressed, (iii) current standards do not
enable evaluation of the trade off between safety, efficiency and flexibility, and (iv) the regulation has a lack
of focus on active safety and using the control system as a safety measure.

In an attempt to address these identified problems, the difference between traditional collaborative robots
and intelligent human–robot collaboration is analyzed in the paper and a new safety approach is suggested,
called Deliberative safety, which allows the humans and robots to switch between different safety measures
based on the need for flexibility or efficiency to reach production goals. While considering system performance,
we propose a taxonomy to better support the design of deliberative safety as well as five safety measures to
use in a deliberative safety approach. These measures include available measures like perimeter safety, zone
safety and reactive safety to more advanced measures like planned and active safety, and when used together,
they can enable intelligent human–robot collaboration.
1. Introduction

Collaborative robots, so-called cobots, are described as the frontier
of industrial robot [1], and it is argued that these robots can create
competitive industries by increasing flexibility, efficiency, and quality
in industrial production [2]. Both the producers of cobots and scholars
(e.g. [3]) emphasize that cobots can make production more flexible
or agile responding to shorter product cycles, volatile markets, and
increased demand on customized production.

However, a major obstacle for introducing human–robot collabora-
tion in industry is in how to handle the safety issues. Villani et al. [1]
writes that: ‘‘Safety issues are the primary main challenge that must be
tackled by any approach implementing collaboration between humans
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and robots’’. In many robotic automation systems, physical or sensor-
based barriers are used to avoid any dangerous situation in human and
robot encounters. Collaborative systems, on the other hand, require
other measures to ensure safety since robots need to work together in
the same physical space as human operators. Many of the models of
robots labeled cobots are equipped with safety features such as force
sensors and speed limitations and have a CE-marking. When used in an
industrial setting, however, they are equipped with tools and combined
with other machinery in a way that can create new risks and require
new risk assessments.

Regulatory authorities as well as standards organizations have rec-
ognized the existence of these smaller robots with safety systems that
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are supposed to make them safe to operate in close proximity to
humans. There are also standards that are intended to facilitate safe
use of collaborative robot solutions. For example, the ISO 10218 and
ISO technical specification ISO/TS 15066 [4] entails instructions for
how to interpret the Machinery Directive (2006/42/EC) for collabora-
tive applications using the same basic principles for safety evaluation.
However, none of these standards take into consideration machines
being able to re-plan their routes or make changes under current
operations [5] – but rely on the same basic understanding of safety as
the regulation of non-collaborative robots and traditional automation.

A traditional automation system mainly has few available actions to
choose from at each decision point, i.e. the system has a low degree of
freedom (DoF). If something happens unexpectedly or if an action fails,
the traditional automation system may stop executing the current task
or may even require a repair or a complete reset. It is possible to plan
for unexpected events by creating a program that has more alternative
actions to choose from. However, to increase the system’s degrees of
freedom and to make the system truly intelligent and flexible, it must
have an online decision algorithm that can plan what task to execute,
to handle unforeseen events and to be able to reach its goals.

From the perspective of this paper, a constructive approach to safety
of intelligent human robot collaboration is that both humans and robots
should be part of the deliberation and planning process, which must be
based on negotiations and arriving at consensus decisions [6].1 This
s aligned with Golderberg’s [8] preposition for a ‘‘constructive and
nclusive alternative: ‘multiplicity’, where humans collaborate with AI
nd robots to mutually complement each other’’. His vision summa-
izes the need for a new intelligent control system that includes both
achines and humans into one system. As Malone [9] is stating that

he perspective should be changed from ‘‘computers in the loop’’ to
‘computers in the group’’ underscoring the importance of maximizing
he flexibility and the efficiency of the system by utilizing the specific
ualities of humans and computers to create an intelligent solution.

As will be argued in this paper, it is only possible to increase both
he flexibility and efficiency when human(s), robot(s) and computer(s)
ork together in a joint capacity as an intelligent group to effectively

each specific goals in a dynamic environment [9]. This paper studies
ow such intelligent human–robot collaboration system2 can be safely
mplemented in industrial production. We will argue that the required
afety precautions necessary for such intelligent systems in some re-
ards are at odds with regulation and safety standards for traditional
utomation systems that only perform static pre-programmed tasks.
rom the perspective of this paper, regulation of intelligent automation
eeds to be approached from a fundamentally different perspective.
ather than focusing on eliminating all risk and adding more restric-

ions and barriers it should view humans as resources that need to be
upported, educated, and trained to deal with the varying conditions of
dynamic human robot interaction (c.f., [10–12])

The overarching aim of this paper is to better understand the safety
nd regulatory challenges with a focus on the automotive industry, and
o suggest a new safety approach called deliberative safety together
ith a taxonomy of its various safety measures, for intelligent human–

obot collaboration. In order to provide a better understanding of the
erceived regulatory obstacles to intelligent automation, current views
n regulation and safety of human–robot collaboration are studied
hrough interviews conducted with 26 expert stakeholders involved
n one regard or the other with the automotive industry in Sweden.

1 The concept of deliberation is commonly used in the social sciences to
escribe approach to governance [7]. It is commonly associated with the
erman social philosopher Jürgen Habermas and his theory of deliberative
emocracy.

2 Such a collaborative system can include small robots labeled as collabo-
ative (cobots) but they might just as well include other robots for industrial
2

se like large industrial robot arms and autonomous mobile robots.
The tentative solution to the safety and regulatory problem takes its
departure from the problems identified through the interview study,
but it also relies on previous research and existing ideas concerning
safety and regulation in the scholarly literature.

The paper proceeds as follows. Section 2 presents current relevant
regulation and safety standards, as well as current conceptualizations of
safety measures in the previous research literature. After that, Section 3
presents the stakeholders views on intelligent collaborative systems
in the automotive industry. In Section 4, the new deliberative safety
for intelligent human robot collaboration is presented together with a
categorization of the possible safety measures that is part of this type
of safety. And the final section summarizes the important findings of
the paper and discuss some implications of these findings.

2. Current safety standards and regulations and previous concep-
tualizations of safety measures

The general understanding among the industrial and academic com-
munities, is that the purpose of cobots is to combine the benefits of
both humans and robots, to improve quality and productivity [13]
and to enable more efficient and flexible assembly lines [14]. Franklin
et al. [15] stated that the concrete industrial benefits of cobots are to:
1) safeguard cost reductions, 2) improve space utilization on the factory
floor, 3) enabling the redeployment of workers to perform higher-
value-added tasks, and to 4) implement partial automation of existing
processes.

2.1. Safety of collaborative systems

As discussed in the introduction, Villani et al. [1] understand safety
to be one of the main obstacle towards achieving collaboration between
humans and robots. The robot’s safety standards and the extent to
which the standards allow collaboration are also discussed in the survey
by Villani et al. [1]. They note that the collaborative modes do not
really require a robot that is labeled ‘‘collaborative’’ or ‘‘cobot’’ by
the manufacturer, but will also work with ordinary industrial robots,
although the safety functions or necessary sensors in such cases needs
to be external instead of embedded in the robot. They conclude that
‘‘safety issues should be addressed by identifying performance oriented
solutions’’.

Another survey by Saenz et al. [16] states that despite all the
potential benefits of cobots, they are far from as wide-spread in the
industry as was initially predicted probably due to safety concerns.
According to the authors, the ISO safety standards describe how to
design, state the requirements for how to protect and how to reduce
the risks at a general level, but that each application is unique and
when designing a new system, there are many aspects and details to
solve. The strict requirements are a great challenge and difficult to meet
while considering the business requirements. To address this, Saenz
et al. believe that a better design process is needed, that takes into
account and comply with the requirements of the standards. In their
article on the multimodel interaction between human and robot system
Wang et al. [13] stated that ‘‘the lack of standards and safety solutions
results in a low acceptance of the human–robot combination’’. They
emphasize that the standards play an important role in how safety
should be addressed, though they underscore the need of including
new technologies and of supplementing required safety measures with
mental and emotional safety to make the operators comfortable while
performing their tasks.

This is in line with Lasota et al. [17] who defined the safety of
human robot collaboration as two folded, the physical safety and the
psychological safety. They reviewed the vast body of research focusing
on the development of strategies and methods for ensuring safety and
summarized them into four main categories: safety through control,
motion planning, prediction, and through psychological consideration.
Individually, these methods have various benefits and drawbacks, so
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Fig. 1. Human robot relations.
Lasota et al. highlighted the importance to evaluate the combination
of several methods to improve the safety for each specific application.

Gualtieri et al. [18] identified two types of safety approaches in the
literature, Contact Avoidance, and Contact Detection and Mitigation.
To bring intelligent collaborative robotics from the laboratory into the
shop floor, they highlight the necessity to further develop and include
human-factors approaches that provide methodologies for collaborative
systems evaluation and tests. According to Gualtieri et al. this approach
could strengthen the concept of human-centered work-spaces supported
by smart automation systems.

2.2. Collaboration and interaction

One of the first step when planning a collaborative application, is to
identify what type of interaction is required, in order to identify what
type of safety system is necessary to comply with the regulations. But
there are several different ways of categorizing modes of human–robot
relations in the literature, these are commonly referred to as level of
collaboration.

While in popular discourse and in marketing the collaborative term
often simply refers to any robot installation that is ‘‘fence-less’’, the
most common taxonomy makes a distinction between: coexistence,
interaction, cooperation, and collaboration [13,16] see Fig. 1. There are
also taxonomies [19] that makes a distinction between non-inter-active
cooperation, sequential cooperation, direct and indirect collaboration.
These classifications are based on if humans and robots share space,
share time, share task and goal with physical interaction or concurrent
task with non contacts [19]. Vicentini [19] reviewed these different
taxonomies and provided a comparison and evidence for inconsisten-
cies in the technical literature and in practice. The author underlined
that these multiple definitions have scarcely helped in identifying safety
requirements nor to comply with safety standards. Instead he proposed
a definition of a human–robot application in terms of the frequency of
requested access by humans inside a space for shared task execution
when both humans and robots are operational and the kinetic energy
of robot systems (approximated through velocity). These two terms
should, however, be considered in the risk assessment of an application.

2.3. Regulation and risk assessment

In an EU regulatory context the manufacturer, integrator, and end
user are required to ensure that the use of the robotic system meet the
essential health and safety requirements according to the Machinery
Directive (2006/42/EC) [20] either directly through the requirements
stipulated in the directive, or using the harmonized standards. The
most relevant and applicable standards here are ISO 10218:1 ISO [21]
and ISO 10218:2 [22] (type c) as well the technical specification
ISO/TS 15066, Robots and robotic devices — Collaborative robots.
These standards are voluntary to use but the risk assessment based
on the requirements of the Machinery Directive is mandatory for all
robotic applications.

The risk assessment is a comprehensive and iterative process that
usually engage several stakeholders. It begins with hazards identifica-
tion, estimation and analysis of their severity and ends up with risk
3

reduction. According to ISO 12100, a risk in a particular dangerous
situation, is a function of the severity of the harm that can result in
the dangerous situation and the probability of occurrence of that harm.
In turn, the probability of occurrence of that harm is defined as a
combination of the exposure of a person to the danger, the frequency
of the dangerous situation and the opportunity to avoid or to limit the
damage.

Protective measures in the standard are the combination of mea-
sures to be implemented by the designer of the robotic system as well
as by the end user. Risk reduction principles to be implemented by
the designer are prioritized according to how effective they are at
reducing a risk. In the first phase, risks are tried to be reduced through
inherently safe design, by eliminating the hazard and its associated risk.
If that is not possible, risks could be reduced by providing protection,
safeguarding, preventing a risk from occurring, or by other protective
measure to mitigate the risks by limiting possible serious consequences.
An alternative risk mitigation is to provide information such at warning
signs, signals, instructions, education or similar. Further for residual
risk after protective measures implemented by the designer the user
should also implement his own protective measures based on the
information for use (such as use of personnel protective equipment
and training of operators and staff). In addition, ISO 10218-2 provides
a list of the most significant hazards associated with robot system
to be considered in a risk assessment and describe what potential
consequences these hazards can lead to, e.g., mechanical, electrical and
ergonomic risk.

2.4. Collaboration modes

There are four methods to ensure safe human–robot collaboration
described in the standards ISO10218-2, and in ISO/TS 15066: Safety-
rated Monitored Stop, Speed and Separation Monitoring, Hand Guiding and
Power and Force Limiting (see Fig. 2). Safety-rated Monitored Stop is
used in applications where the robot system and human need to work
side-by-side or need to access the collaborative workspace, but not
simultaneously. It is based on the robot system reaching a ‘‘protective
stop’’ (Stop category 2 - a controlled stop with power left to the machine
actuators) before an operator enters the collaborative area. In this
mode the robot remains still until the operator leaves the area then
it may resume automatically. Some collaborative robots are featured
with motion limitation and force sensors which functions to achieve a
protective stop, but also traditional industrial robots can be used with
complementary safety devices such as safety cameras or a light curtain
that monitor the workspace for any human entrance.

Hand Guiding is used when the operator needs to reprogram the
robot paths or reposition the robot. It allows to transmit motion com-
mands to the robot system via a hand-operated device. This mode
requires that the robot is equipped with safety-rated stop monitoring
to ensure the safety of the operator entering the collaborative area and
safety-rated speed monitoring to ensure that the robot is moved at a
controlled speed where no additional hazards are introduced.

Speed and Separation Monitoring is used where both operator and
robot may need to move concurrently in the collaborative area. The
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Fig. 2. Collaborative modes according to ISO 10218:201 from Villani et al. [1].

goal of SSM is to anticipate collision between moving resources, the
robotic system and humans, by controlling and always maintaining a
protective separation distance. During robot motion, the robot system
never gets closer to the operator than the protective separation dis-
tance. The protective distance, which may change dynamically and in
real time, is determined by the robot’s speed, robot’s reaction time and
stop time as well as the human’s speed and the safety-rated monitoring
system’s response time and uncertainties measured by monitoring sen-
sors or robot measurements system. If the separation distance decreases
below the protective separation distance, the robot control system
may reduce the robot speed followed by a transition to safety-rated
monitored stop. Another possibility is to execute an alternative path
which maintain the protective separation distance, continuing with
active speed and separation monitoring. In this safety mode the robot
(or external safety equipment) shall be equipped with safety-rated
speed monitoring functions, safety-rated stop monitoring functions, and
safety-rated soft-axis, as well as space limiting functions.

Power and Force Limiting is used when the robot and the operator
can have physical contact intentionally or unintentionally. It requires
the robot system to have a passive and inherently safe design such as
smooth surfaces and that the robot (or external safety equipment) is
equipped with an active safety-related control system such as sensitive
force monitoring functions that can dissipate collision forces and that
do not violate determined force limits. Detailed information about guid-
ance on force, speed, separation distance, bio-mechanical and contact
limits and how to measure these can be found in ISO/TS 15066.

2.5. Flexibility and collaboration

Much of the scholarly articles on the use and safety of collaborative
automation recognizes that applications in the industry have a rela-
tively low degree of complexity in the interaction between human and
machine, i.e., they are mostly used as a tool. Several of these surveys
understand that more autonomy, intelligence, and cognitive processing
skills would be beneficial to be able to utilize them to their fullest
capacity. However, in previous work [5], the first author of this paper
has showed that the robotic safety standards are limited in supporting
the implementation of intelligence and autonomy (to enable efficient
and flexible automation solutions), and that they do not consider the
human factors incorporating the cognitive and perceptual factors, and
do not support the trade-off between the various industrial require-
ments and safety which result in inefficient and inflexible automation
solutions [5].
4

Gualtieri et al. [23] compiled design guidelines to support de-
signer to develop and evaluate safe, human-centered and efficient
collaborative assembly workstations. For Physical safety and physical
ergonomics the start point was from safety and ergonomics standards
while for the cognitive safety and efficiency aspect they relied on the
explanation in research work due to lack of standards cover these
perspectives. Another lack identified by Gervasi et al. [24] is the lack
of a general framework to evaluate HRC application that consider
all aspects of the interaction between human and robots including
latent dimensions such as autonomy, adaptivity and training as well
as human factors to mention some. The authors proposed different
evaluation scale for these dimensions to be considered and shaped by
the application designer.

While much of the existing literature on flexible automation con-
cerns coordination of machines, there are also several articles using
the concept to discuss human–robot interaction. Miller and Parasur-
aman [25] argue that ‘‘Operators need to be able to delegate tasks
to automation, and to receive performance feedback, in much the
same way that delegation is performed in successful human–human
organizations: at various levels of detail and granularity and with var-
ious constraints, stipulations, contingencies, and alternatives’’. Miller
and Parasuraman suggest that the efficiency in production could be
increased by continually changing the Level of Automation (LOA) to
be well suited to the task at hand. Further they write that a perceived
problem with an approach of continues changes to the LOA is the
unwillingness among user to accept adaptive changes that might be
understood as increasing unpredictability of the system due to the fact
that humans are not in control of all the actions of the automated
system. As a response to this they propose a ‘‘delegation approach
to adaptable human-automation interaction’’ so that humans remain
in charge and can decide how much automation to use where the
delegation is a process of assigning specific roles and responsibilities
for the tasks at hand [25].

To conclude, previous research both highlight and discuss safety
issues in human–robot collaboration, promote for more intelligence
and autonomy as well as propose concepts of human–human like
collaboration. Also, concerns with safety standards and the need of
updating them are recognized. However, there is need to explore the
current perceived understanding of the users and other stakeholders
on the intelligent human–robot collaboration which is lacking in the
scholarly literature.

3. Stakeholders’ view on intelligent human robot collaboration

To better understand stakeholders’ perspectives on collaborative
robots and intelligent human robot collaboration interviews have been
made with 26 societal stakeholders and were collected between Jan-
uary 2019 and March 2020. These stakeholders are engaged in one way
or the other with automation within the automotive industry, and work
in industry (n=13), university (n=8), government agencies, and other
organizations (n=5). The selection of interviewed stakeholders is made
to include various interests as stakeholders are known to have different
positions and attitudes in regards to development and regulation [26].

Most of the industry stakeholders worked within a large company
within the automotive industry (n=11) while n=2 interviewees are
from smaller sub-contractors working partly with the automotive in-
dustry as customers. All respondents have experience of working with
collaborative robots in some regard, and together, these experts have
a vast experience in working with issues of relevance to the inquiry of
this report. The focus in this article is the perspective of the industry
stakeholders and the perspective of the established automotive indus-
try. These interviewed stakeholders are generally well-educated with 9
of them holding a PhD degree. In regard to gender division n=21 were
male and n=5 were female, reflecting a strong male dominance within
engineering [27]. For a more in-depth description of the perspectives
of these stakeholders see the report [28].
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The interviews combined a semi-structured format with open con-
versations where the respondents were invited to speak freely around
the topics of inquiry of this paper. In the semi-structured compo-
nent, some general key questions were asked in the same way in
all interviews. These key questions was about their background and
organizational role, their views on benefits and obstacle towards intro-
ducing intelligent automation in the automotive industry, their view
on the future of automation and the need of humans in production,
as well as their views on regulatory obstacles. The open approach was
intended to capture each participant’s understanding, and to encourage
reasoning, reactions and own considerations on the topic [29,30]. The
interviews were adjusted to the different categories of interviewees,
government authorities were mainly asked about their perceived role
in this technological development, industry and researchers were asked
more specific questions regarding their view on the specific technolo-
gies. The interviews lasted between 38 and 200 min, with an average
of about 90 min.

All interviews were transcribed and then inductively coded. The
coding of the transcribed material into thematic categories was both
open and selective, in line with the basic principles of grounded the-
ory [31]. This qualitative approach addresses data collection and anal-
ysis as interrelated activities. It is based on thematic coding from the
basis of common themes in the interview material. The interview ma-
terial was read a number of times and codes were formulated through
interpretation and comparison within and between interviews [32].

3.1. The perceived benefits

In these interviews potential benefits of human robot collaboration
in the factories are stressed by most respondents, especially researchers
and those industry stakeholders working with research and develop-
ment. There is a general understanding that collaborative solutions
potentially could improve the production in final assembly that today
is done mainly manually. Envisioned improvement among the industry
respondents include incremental improvements in ergonomics, quality,
and safety of production by ‘‘removing work tasks that are potentially
harmful to the operator’’. Safety benefits are especially stressed when
talking about replacing manually operated trucks and forklifts with
automated guided carts, but also collaborative solutions using cobots
are understood as solutions to further improve safety. There are also
suggestions of uses that could increase flexibility in the production. For
example, one presented idea is that a fleet of small automated guided
carts (AGC) with a central control system coordinating the actions of
carts could provide a more streamlined and safer way of transporting
goods from pre-assembly to the main production line. Several of the
respondents also stress potential benefits using mobile cobots that could
be moved between workstations to balance the flow in the production
due to variability in products. Other ideas of how to use intelligent
automation include cognitive support for operators.

3.2. The middle management

While all respondents talk about potential benefits, industry stake-
holders in middle management working with technology upgrades in
the production of final assembly remain largely reluctant to collabo-
rative intelligent automation. It is considered that these solutions are
difficult to design but that they can add value to the production. More
specifically, the stated reasons for the difficulties in finding good use
for intelligent collaborative applications are that available equipment
for smart automation such as cobots and automated guided carts are
not sufficiently developed for industrial use, and that the products
that they manufacture are not designed for automation. Furthermore,
it is considered to be difficult to introduce intelligent automation in
existing processes, relating both to incompatibility between new and
old technology as well as a lack of compatibility with current routines
and established ways of doing things in the factory. It is generally
5

not considered impossible to design automation with human robot
collaboration but the available technology and equipment is understood
to makes these solutions slow and expensive. For example one of the
interviewed industry stakeholders said: ‘‘In theory the robot could find
a screw head using these new technologies, the problem is that it is
very time consuming [...] and time is money’’.

3.3. Pilot projects and bad experience

When talking about obstacles to introducing collaborative automa-
tion the industry, stakeholders often refer to pilot projects in the
factories, where a cobot has been installed saying that the installation
functions poorly or that the costs of the installation have exceeded the
benefits. Rather than seeing immediate benefits of these pilot projects
most respondents say that they do such projects to evaluate these
emerging technologies. A stakeholder says: ‘‘you could say that we are
exploring the technology, but we do not implement it [on a large scale]
if we do not see a profitability’’. Although there are some installations
using cobots in the factories, one of the interviewees state that ‘‘when
we install a collaborative robot it rarely does any collaborative work
[...] we do not have to fence it, but it is very rare for us to find ap-
plications were humans and machines can collaborate’’. So rather than
doing collaborative work, the cobots are programmed and used in the
same fashion as traditional robots in the industry. Consequently, when
criticizing collaborative intelligent applications the industry stakehold-
ers are not really evaluating the potential functionality of intelligent
human robot collaboration but rather the functionality of ‘‘cobots’’ as
such.

So, while the interviewed industry stakeholders recognize the bene-
fits of a flexible production facing a future with shorter product cycles
and an increased diversification of products they do not understand
collaborative automation as a response to this. In stark contrast to
the ambition of manufacturers of cobots that collaborative automa-
tion could make production more flexible, from the perspective of
the industry stakeholders, human–robot collaborative solutions are not
flexible or helpful in dealing with large product variability. In fact,
large product variability is understood as the largest obstacle towards
introducing automation in the production. An industry stakeholder say:
‘‘In order for it to be possible to do it at all, there needs to be a fairly
low variation between the products, otherwise it will be very difficult to
tell the robot what to do’’. When discussing possible areas to automate
with cobots and AGC’s in the factory, the industry stakeholder stresses
that this is only possible in segments with low product variability and
repetitive work tasks.

3.4. The challenges with current safety regulation

The safety of intelligent automation is regulated in the same way as
any machines or robots in the factory according to the Machinery Direc-
tive. All machines and machine lines have to be CE-marked, meaning
that the manufacturer signs the Declaration of Conformity after making
a thorough risk assessment and documentation. The process of making
this risk assessment for intelligent automation and collaborative robots
is in one regard very similar to the evaluation of any other technology.
An operator at Volvo GTO says: ‘‘We have a protocol for risk assessment
[. . . ], by which we assess all the work tasks in here, there is really
no difference [with intelligent automation] compared to other tools
and robots that we install’’. So, while intelligent automation is being
evaluated with the same principles as other robots and equipment in
the factories, some things are different, especially in regard to the
introduction of intelligent automation operating in close proximity to
humans. The understanding among the industry stakeholders is that
any robots in areas that are not fenced off creates problems in relation
to current regulation.

The smaller robots (cobots) that can be used in collaborative sta-
tions are in most cases CE-marked by the manufacturer according to
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european product directive such as 2014/35/EU — Low Voltage Di-
rective (LVD), 2014/30/EU — Electromagnetic Compatibility Directive
(EMC), 2011/65/-EU — Restriction of the use of certain hazardous
substances (RoHS). The robot itself is ‘‘partly completed machinery’’
and therefore is not safe but often has internal certified safety features.
The robot must be part of a CE marked machine before it can be used
to comply with the Essential Health and Safety Requirements (EHSRs)
provided by the Machinery Directive. When applied to a new setting in
the factory the safety has to be evaluated through final risk assessment
and the application CE-marked, and someone must be listed as the
‘‘integrator’’ for the installation. An industry stakeholder say that ‘‘it
does not matter if the cobot has [built-in safety systems], you still have
to do a risk assessment of the overall system’’. Another stakeholder
explains: ‘‘We can buy a cobot today, which is CE marked, but if we
equip it with a knife, it is no longer safe’’. Furthermore, risk assessments
become more difficult when robots become smarter and re-plan routes
according to outer stimuli, and optimize their actions due to previous
experiences.

The main problem with the regulation of collaborative automation
from the perspective of the stakeholders is that the robots do not oper-
ate within fenced areas but in proximity to humans, and that the robot
might act in ways that is (or is perceived as) autonomous which makes
the risk evaluation more difficult. The current regulation is considered
to be too restrictive in enabling efficient intelligent solutions in the
factory – while safety is also one of the most cited reasons to introduce
such automation – in other words current regulation is not aligned with
existing norms In the wordings of the industry stakeholders current
regulation is not adjusted to what is understood as ‘‘tolerable risk’’ and
‘‘common sense’’.

When talking about regulatory obstacles, the stakeholders general
understanding is not that it makes collaborative solutions impossible
to implement, rather that the process for CE-marking, and the safety
directives require redundant safety systems that make the solutions
slow and inefficient. An industry stakeholder say:

The big challenge will be to resolve the safety issues in a way that
is reasonably cost-effective, you can always build any number of
safety systems and make it safe, but then you get a very rigid and
expensive installation. [. . . ] And also, we have to solve the safety
issues in a way so that the robot installation becomes efficient. You
can always resolve the safety concerns by making the robot go very,
very slowly, but then the robot will be useless.

In the view of the industry stakeholder the regulatory requirements
make smart automated solutions too slow and it makes it difficult to
find useful applications for cobots. Furthermore, every time the robots
are used in a different fashion (in another location or equipped with
other tools) a new risk evaluation has to be made and the documen-
tation for the CE-marking needs to be updated—which is understood
as a further obstacle towards flexible use of intelligent automation
systems. The requirement to make new CE-markings or update the
documentation for every new application in the factory is seen as
making it too complicated and expensive to achieve desired flexibility.
Current regulation is thus understood to be an obstacle for a flexible
use of smart technology. So, in contrast to what many manufacturers
of ‘‘cobots’’ argue, the possibility to use the robots for several different
tasks in the factory is not understood as viable by industry stakeholders
within the automotive industry.

3.5. Accepting some risks

The stakeholders that saw current regulation as an obstacle towards
introducing intelligent and collaborative automation were asked if they
had any suggestions for changes that would facilitate large scale imple-
6

mentation of collaborative solutions. The respondents did not provide
any ready-made solutions for how such new regulation should be de-
signed. However, there are suggestions that risk assessment should not
only rely on physical barriers but rather on education, communication,
and trust. From such a perspective the respondents also understand it as
necessary to make a certain degree of risk acceptable: ‘‘if the operators
get an education in these systems, they will consider these risks as
acceptable’’. Some degree of risk acceptance is considered necessary
to accept in order to facilitate what they consider to be safer solutions
compared to current production (thus recognizing a need of including
risk trade offs in safety evaluations). There are also suggestions of reg-
ulating intelligent automation as animate objects rather than machines,
for example by viewing and regulating smart robots in the same way as
livestock as a way of recognizing the contingent behavior of intelligent
robots. Another idea discussed by one of the industry stakeholders,
is to make dynamic solutions that could be adjusted to variations in
work mode: ‘‘We are looking at solutions where a collaborative robot
senses when people are nearby and adapts to it, but it can also operate
at high speeds and use enough force to handle the weights of our
products, it is interesting to be able to operate a robot at high speed,
but when humans approach it slows down and you can work together’’.
Due to these perceived difficulties the interviewed stakeholders do not
understand cobots to be a flexible solution or a solution that could help
make the production more resilient, quite to the contrary from how this
technology is discussed in the marketing of cobots, and in some of the
previous research.

The views of the stakeholders can be summarized in the following
bullets:

• Stakeholders see potential benefits in intelligent collaborative
solutions to help automate parts of the final assembly.

• Intelligent solutions in the production are considered to be more
safe than current manufacturing.

However, benefits associated with collaborative automation are under-
stood to be difficult to achieve due to:

• Cobots are understood to have a low degree of dependability com-
promising the potential benefits of streamlining the production.

• Current available collaborative solutions/cobots are not consid-
ered to be a cost effective solution.

• Cobots are not considered to be a flexible solution.
• Current regulation is not understood to be well adapted to robots

operating in the same physical space as humans.
• Current regulation is understood to make human robot collabora-

tion inflexible and slow by requiring redundant safety measures.

While manufacturers of collaborative robots as well as research
literature stress the benefits of intelligent collaborative automation in
streamlining the production as well as making it more flexible they
rarely offer convincing arguments as to how this should be achieved.
The difficulties in designing intelligent collaborative automation that
can add value to the final assembly is confirmed with the interviews
with industry stakeholders presented above. An important limitation to
achieving benefits is that cobots mainly are used as traditional robots,
and their performance is evaluated in the same way as traditional
robots that have a larger capacity. Furthermore, finding more innova-
tive uses is in many regards restricted by current regulatory framework.
In the section that follows we will suggest a framework for address-
ing safety issues in human collaborative automation addressing the
identified concerns of the interviewed stakeholders based on current
regulation.

4. Deliberative safety and its safety measures for intelligent hu-
man robot collaboration

Many stakeholders have the experience that most cobot installations
are inflexible, inefficient, and not very robust. This is due to a gen-

eral confusion about the difference between traditional and intelligent
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automation, resulting in industry stakeholders failing to see potential
benefits of collaborative automation. For a human–robot collaborative
system to be both flexible and efficient, the system must be highly adap-
tive, be able to cope with unforeseen events, handle variations of parts
and resources, be able to interact with other humans and robots, and
have a large degree of freedom to perform complex operations. If such
flexibility can be achieved while also efficiently accomplishing various
goals, it can be defined as an intelligent human–robot collaboration
system. However, this fashion of intelligent human–robot collaboration
requires different kinds of safety measures compared to traditional
automation before it can be installed in real industrial environments.
The required safety measure of a system is also depending on the
required level of flexibility and efficiency, as well as the budget for
the installation in question.

To better support the introduction of intelligent human–robot col-
laboration, we suggest a new safety approach called deliberative safety,
where the current safety measure can be changed during operation
based on the need and intention of both the humans and robots in
the system. Either simple measures can be used such as creating visual
barriers, defining speed limiting zones or force and torque limitations,
or more advanced measures such as active or planned safety. But before
studying this new approach and its measures, let us define a number of
performance indicators to differentiate the various measures.

4.1. Performance indicators of safety measures

In an intelligent system where robots and humans together try to
accomplish a goal, the work can be divided into multiple operations,
where an operation consists of a number of small tasks. If we for
example have a system that is picking parts in a warehouse, doing
some minor assembly, and then transporting the kit of parts out to
another system, there will be operations where humans and robots
collaborate and others where each resource is working individually.
Some operations are not related to the ‘‘production’’, such as recovering
from failures, troubleshooting, learning new tasks, giving or getting
instructions, handling variations or planning what to do. Also for these
types of operations, all resources in the system need to collaborate and
potential risky situations may occur.

When deciding what type of safety measures that are needed for
each operation, the required measures will be dependent on many
different requirements and may even vary for the same operation over
time. In this paper, deliberative safety defines a taxonomy of possible
safety measures, so to be able to define them, evaluate them and decide
which measure to use for an operation, a number of key performance
indicators (KPI) are defined in Table 1, namely the four flexibility
indicators required by an operation: Degrees of Freedom, Interaction,
Speed, Concurrency. There is also the three implementation indicators
oordination, Monitoring, and Complexity, which defines the challenges
hen implementing a measure.

The four flexibility indicators are used for categorizing an operation
nd what requirement the overall performance of the system has on
hat operation. If the implementation of a specific operation must have
high degree of freedom, it is important that also the safety measure

hat is used will allow that. When combining the various flexibility KPIs
f an operation, some measures will be better to use than others.

The input for the creation of these KPI were based on experience
rom several installations done both by a focus group and the research
roup but also based on the literature and the lack of safety standards
overing the aspects of efficiency and flexibility. To start with, we
uggested a simplified scale from low to high for these KPI to be able
o trade-off between the different performance and flexibility require-
ents. In the future this scale may need to be refined and weighted

fter evaluation on a number of cases.
One way to implement a safety measure is to restrict the number

f possible actions available to the humans and robots, by for example
7

ot allowing any interaction or forcing a fixed pre-planned sequence,
i.e. having low Degrees of Freedom (DOF). However, when a system is
allowed by the safety measure to have a high DOF, both the humans
and robots must adapt their behavior to handle uncertainty and changes
in the environment. Another indication if a safety measure allows
a flexible control is the level of physical Interaction, since different
measures will allow a varying degree of physical interaction. The level
of required physical interaction between humans and robots during an
operation is important to determine before deciding on the relevant
safety measure. For example, if they only will be working side by side or
in sequence, the humans and robots are having less physical interaction,
or if the human is hand guiding the robot while teaching a new task,
more interaction is needed.

It is sometimes possible to increase the efficiency of a system by
moving as fast as possible, making the possible Speed of the robots
an important indicator. The faster they can move, the shorter the
execution time (in most cases), but it also entails an increased risk
of accidents if it is operating in the same space as humans. Another
way to increase the efficiency of a system is to execute as many tasks
concurrently of an operation as possible. For some operations, this is
only feasible if the resources can work at the same time in the same
area.

Some safety measures will allow an increased flexibility of the sys-
tem but may also entail an increase in investment in both development
and in training of operators since they increase the Complexity. The
measure can for example require a complex control development, code
certification, extensive testing, calibration or training. Sometimes, the
gain in flexibility will not motivate an increase in investment. Over
time, the investment required for complex safety measures may de-
crease when they become more common, but they may always require
a larger investment than simpler safety measures. One part of this
complexity comes from a need for the humans and robots to coordinate
their actions and communicate their intent. If a robust Coordination is
possible, some safety measures will then allow both flexibility as well
as efficient execution. Another important indicator that may increase
the complexity of a safety measure is how the resources and humans
are monitored. Sometimes advanced vision and AI based monitoring
is required and sometimes it is enough with some buttons or a light
curtain. The type of monitoring needed will influence the required
investment, but if for example an advanced monitoring system is used,
it can increase both the flexibility and efficiency when combined with
an intelligent control system that can utilize the information.

4.2. Deliberative safety

The overall aim of this paper is to enable intelligent human–robot
collaborative systems in real industrial installations in which humans
and robots can sustainably work together in a safe way that is flexible,
adaptive and efficient. However, the challenge is that current stan-
dardized safety measure do not allow flexible and intelligent control
systems, and some newer types of safety measures (e.g. [18]) are not
very efficient.

Therefore, we are proposing deliberative safety, which allow the
humans and robots to switch between different safety measure based
on the need for flexibility or efficiency. To make the performance of
an operation cost effective it might sometimes be necessary to allow
a high level of flexibility and at other times be able to be executed as
fast as possible. By allowing the humans and robots to decide about
the required performance level, while they are safely performing the
operation, a highly flexible yet efficient system can be created.

The idea of adaptive automation of tasks for streamlining and
improving automation has been around for quite some time e.g. [25,
33–35]. The idea in these literature is that levels of automation are
beneficial for different tasks and that this should be adjustable in
an efficient manufacturing system. The proposed deliberative safety
instead stresses the importance of adaptive safety measures as a way

of addressing both the issue of performance and the safety issue. By
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Table 1
Key Performance indicators for evaluating the need of flexibility for an operation and the implementation challenges when implementing different safety
measures. The scale is from low to high. Currently, there are no discrete scale between these two levels, but in the future, based on usage experience
of these KPIs, new levels may be added.

Flexibility
indicator

Definition

Degrees of
Freedom (DoF)

Defines the required degrees of freedom where a high DoF means that the operation must be highly flexible and
adaptive in the sense that it can re-plan the sequence of the operation or change actions depending on surrounding
events. A low degree of freedom means that the operation only need a fixed pre-planned sequence with predefined
alternatives to reach its goal.

Interaction Defines the required interaction between the humans and robots. To successfully perform the operation, high
interaction means that the robots and the humans must interact in some form, with e.g. physical contact, and to give
and receive feedback. A low degree of interaction means that the humans and the robots can perform their respective
tasks independently without interaction (or if only one resource is used during the operation).

Speed Defines the required speed of the robots and other resources. A high speed KPI mean that a specific operation must be
performed using high speed to be efficient and useful. A low speed means that the operation is not time critical or
there are other requirement from the environment to lower the speed e.g.to enable physical interaction.

Concurrency Defines if multiple humans and robots must work in the same area at the same time, where a high concurrency KPI
means that resources must work concurrently in the same area to be able to perform the operation. A low concurrency
KPI means that the resources do not need to work in the same workspace at the same time.

Implementation
indicator

Definition

Coordination Defines the required level of coordination used in the safety measure, where a high KPI means that the humans and
robots must robustly coordinate and communicate among each other to stay safe. A low KPI means that no
coordination is necessary to stay safe.

Monitoring Defines the requirements a specific safety measure has on the monitoring system, where a high KPI means that the
safety measure requires that the monitoring system must include advanced functions (e.g. using vision or predictive
algorithms). If a safety measure has low requirements on the monitoring system, it means that a very simple
monitoring (e.g. a fence) or no monitoring is required.

Complexity Defines how complex a measure is to implement, where a higher KPI means a more complex solution and often a
higher investment. A low complexity means that the measure is often simple to implement.
Fig. 3. Each safety measure is suitable to use for different types of operation
requirements. The suitable range of a flexibility KPI for each measure is shown in
this figure and can be used for deciding what measures to use for each operation.

drawing on the idea of continuous changes in safety measure to suit
the tasks at hand, this will not only facilitate more efficient automation
solutions but that it also can be used as a safety measure for intelligent
robots and machines in production.

When deliberative safety is used, the system can switch between
various safety measures. To better evaluate these measures for delib-
erative safety, possible safety measures are discussed below and their
performance indicators are shown in the two charts Figs. 3 and 4.

Perimeter safety
This safety measure is sometimes called ‘‘Safety Monitored Stop’’

and safety risks are avoided by not allowing the robots to operate when
humans are in their working areas. This can be achieved for example
with sensors or light curtains. The benefit of this safety measure is that
the robot can move very fast when the human operator is outside the
work space of the robot and the safety measure is easy to implement
both from a control and monitoring perspective. However, this safety
measure limits the DoF, and does not allow any interaction or concur-
rency of an operation. This measure is commonly used in industry today
8

Fig. 4. The three implementation KPI’s for the five safety measures used in deliberative
safety. Perimeter safety, zone safety and reactive safety are quite easy to implement
and active and planned safety are harder to implement.

where robots and humans need to work in the same physical space but
not simultaneously.

This measure is suitable to use when really high speeds are nec-
essary and if a secure perimeter monitoring can be used. It is in many
cases the preferred measure for the operations where a robot is working
by itself. It is not very complex to implement, the monitoring system
is based on well known technology and the required coordination and
deliberation between the human and the robot is simple.

Zone safety
If somewhat more flexibility is needed compared to perimeter

safety, the work area of the robot can be divided into multiple zones,
where the speed and behavior of the robot is restricted based on what
zones humans or other resources are present in. This is sometimes
referred to as ‘‘speed and separation monitoring’’ and is often used
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to reduce the speed of the robot when a human is approaching, but
the robot could also change any type of behavior to increase safety.
This safety measure requires a monitoring that can divide and monitor
multiple areas in the station, and is more complicated to install and
program compared to perimeter safety but still a relatively low degree
of complexity compared to active safety (see below). This measure is
also common to use in industry, but it require space and may limit the
efficiency when humans and robots need to work together.

This measure is also mainly used when speed is necessary and
when their is no need for a high DoF, but zone safety will allow a
little bit more interaction or concurrency in the operation compared to
perimeter safety. The trade-off is that it is more complex to implement
and a more advanced monitoring and control system is required.

Reactive safety
A completely different approach to create safe motions is to only

move the robot slowly and monitor the forces of the robot to keep the
potential impact within the requirements stipulated in the Machinery
Directive. This is sometimes called ‘‘power and force limiting’’, or Con-
tact Detection and Mitigation [18], and does not require any external
monitoring other than on the robot. This is a common safety measure
for cobot application today and it makes it possible for the robot and
operator to work together and to interact. However, it requires the
robot to move very slowly and since the system is unaware of the
human, it is complicated to include an intelligent control strategy.

The most important benefit of reactive safety is that it allows a very
high degree of concurrency since all resources can just keep on working
without any safety risks. The monitoring is simple and there is no need
for complex coordination. But the possible DoF is not very high and
the interaction among the resources are limited to reactive actions.
This measure will mainly be used in classical cobot applications where
the robots and humans are coexisting in the same work space and the
efficiency of the operation is not of importance.

Active safety
By combining advanced monitoring with the use of e.g. vision

and predictive algorithms, it is possible to avoid collisions by for
example actively changing the robot trajectories or the sequence [36],
using tools for assisting the human operator [37], or using advanced
sensors [38]. To create a truly intelligent collaborative system, active
safety is often necessary since it allows great flexibility and possibilities
for interaction and communication. Since the monitoring system can
in some cases keep track of the human movements and predict human
intentions, it is also possible to run the robot faster in some situations
compared to reactive safety.

Active safety is necessary when an operation requires a high level
of DoF and interaction where the human and robot will together
complete tasks and the robot can adjust and adopt its motions based
on what the human is doing. Active safety is however not as good
in concurrency compared to reactive safety due to the more complex
monitoring system. The complexity of the control system, monitoring
system and the coordination among the resources, will also limit the
applicability of this measure since it may be hard to always guarantee
safe behavior This measure is still an active research area [18].

Planned safety
Perimeter, zone and reactive safety are designed to be safe no

matter what the human does and requires monitoring of the work
area using e.g. safety scanners or just move very slow. Active safety
allows great DoF, flexibility and interactions, but it is often challenging
to implement and requires a great investment. Another problem with
active safety is that the robot will be autonomous and may change its
behavior during its execution, which may make the human operator
uncertain, not feel safe and may result in a risky situation. Another
approach to guarantee safety is instead to let the robot and human plan
9

the sequence of tasks they will perform, and then follow that plan. If a e
human knows exactly what the robot will do and where to move, it is
possible to be closer to the robot than if the robot can change its path.

The planned safety measure includes a well defined interaction
point before the execution is starting where the robot and human is
deciding exactly what to do and in what order (Exactly how this delib-
eration will take place is still an active research topic, but will involve
some kind of human–machine interaction). When it is decided, they
start performing their plans. When something unexpected happens, the
work is stopped and they replan before continuing. This allows for
a higher DoF compared to perimeter, zone and reactive safety, and
allows for some concurrency. It can also allow somewhat higher speeds
compared to reactive and active safety, but it does not allow very much
interaction during the execution of the plan.

Planned safety is complex to implement and requires a well defined
coordination between the human and robot, but the monitoring system
does not need to be as complex as active safety. This measure will
probably mainly be used together with other measures when using
deliberative safety since it already include the deliberation step.

4.3. The deliberation process: a use case

An important comment to make is that the safety of a system that
uses deliberative safety is always equally safe, no matter what safety
measure that is currently used. When designing a system, a detailed
risk assessment and evaluation of each operation has to be made [5]
and based on this, the possible safety measures that should be included
is selected for each operation. Some operations may only allow a single
measure and others may allow the system to decide.

To evaluate deliberative safety, we have implemented an industrial
use case of collaborative kitting, where a part kit is prepared in a
warehouse and transported to the point of use on autonomous transport
robots(ATR), see Fig. 5. The starting point for designing such system
is to consider product and production requirements e.g variation of
the products and the environments, cycle time and available space.
These requirements together with the main goal of the automation,
namely transport the kit in time determine how the tasks are allocated
to operator and robots. Takatas et al. [39], Dianatfar et al. [40] devel-
oped approaches for task allocation taking into account performance,
ergonomic and safety criteria which were appropriate for predefined
task set-up.

In our use case, the main motivation is to free up operator time
by eliminating non added value tasks and ergonomic saving by elimi-
nating heavy lift and be able to reach the production goal in different
ways. Therefore it is convenient to let the robot pick the appropriate
items from dedicated area in the kitting facade or pallet, place them
on the kitting transporter (see Fig. 6) while the operator pick some
other items. They will collaborate for example to pre-assemble sub-
assemblies, as well as support each other and switch tasks e.g. operator
pick items when the robot fails or robot pick items when operator
needs to perform other tasks. During the design phase, a sequence is
not prepared, but rather any task that the robot can perform is imple-
mented, which is dependent on its capabilities. During the execution
of the system, an online planner and optimizer decides who should
perform what task based on the state of the system. An evaluation of
some included operations according to the flexibility KPIs is given in
Table 2.

Some operations e.g. picking and placing items can be done by the
robot without the operator’s intervention while the operator does other
operations. Here the requirements on DoF, interaction and concurrency
are low while medium on the speed. Then they can agree to run ‘‘zone
afety’’ where the robot is allowed to run at higher speed when the
perator is not close by. The safety zones are monitored and the speed
s reduces when the operator is getting too close.

A probable hazard can be that the robot fails to pick or loose the
rip and the part falls and then the operator may want to handle the

rror by picking the part. For this operation, the requirement may be
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Fig. 5. Collaborative kitting.
Fig. 6. Use case implementation in a lab environment.
medium on DoF and interaction while high on concurrency and low on
speed. Instead of stopping its execution, the robot will enter its ‘‘reactive
safety’’ mode where it continues to work with a lowered speed, without
any risk to the operator. When the operator have supported the robot
and moves out of its safety zone, it will switch back to the ‘‘zone safety’’
measure.

In another situation, the robot is delayed and will not have the time
to pick all parts for the part kit. Then the robot enters its planned safety
measure and will signals to the operator that it needs help. When the
operator arrives, the robot suggest by highlighting using lamps (Pick-
to-Light system), on which side of the facade it will pick parts and
where the operator should pick. The operators agree by pressing a
button and they start working. This operation require high level for
DoF, interaction and concurrency but may need medium level of speed to
enable higher level of efficiency. Even if the operator is in the normal
robot safety zone (on one side of the robot), they both can work at
medium speed since they will not share working area. The operator may
potentially climb onto the robot and be hit, but this kind of risks should
be mitigated by fostering a human behavior built on responsibility to
respect the agreed plan and on knowledge and education. This will
require high level of coordination and communication to ensure the
10
start and end of this measure and if something go wrong the operator
have the mandate to stop the execution. With this measure higher
efficiency may be enabled with minimum limitation in comparison with
perimeter and zone safety but also with less integration complexity in
comparison with active safety.

Other operations such as a pre-assembly, where the robot and
the operator need to work close, sequentially share the tasks or to
coordinate their moves. With other word, this operation may require
high level of DoF, interaction and concurrency while it is important
to have low speed. Then they can reason and deliberate, if possible,
to run ‘‘active safety’’. A vision system and prediction algorithm can
provide information about the current situation and what will happen
next, track humans and signal if something goes wrong or goes not as
planned. Then the robot can run a bit slower to have time to react
and act in the right way while being able to re-plan if needed. In such
operation, a major risk is to collide unintentionally due to system or
human failure. In order to mitigate such risks an intuitive human–robot
interface, enabling clear communication, is necessary.

For the last operation, transporting the kitted parts from the kitting
area to the main line, low level of DoF, interaction and concurrency is
required while high level of speed is needed. The operator and the
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Table 2
Evaluation of a number of operations from the use case according to the flexibility
KPIs.

Operations KPI Evaluation Safety measure

Picking and placing by robot DoF Low
Interaction Low
Concurrency Low
Speed Medium Zone safety

Operator handles delays DoF High
Interaction High
Concurrency High
Speed Medium Planned safety

Operator handles error DoF Medium
Interaction Medium
Concurrency High
Speed Low Reactive safety

Pre-assembly DoF High
Interaction High
Concurrency High
Speed Low Active safety

Navigation DoF Low
Interaction Low
Concurrency Low
Speed High Perimeter safety

system can switch again if it is possible to run as pre-planned. Since
no intervention of human is needed and the main risk is to collide with
obstacles or humans, a simpler measure can be used such as ‘‘perimeter
safety’’. Being able to shift between safety measures allows for highly
adaptive automation solutions, however, the operator should have the
full mandate in all safety measures to decide to stop the execution if it
is necessary.

To be able to achieve this type of flexibility and efficiency in a
production system yet safe as we described in our use case, it is
necessary to be able to handle unexpected changes. It can be impossible
to achieve this with traditional automation, which has usually very
few alternatives to fulfill its goal, explicitly programmed for certain
sequences (with if, then, else), have predefined layout (mostly fixed),
and predetermined safety measures limiting collaboration and delib-
eration. In traditional implementation, to handle errors such as robot
fails to pick or looses grip of a part, may require a resetting of the
system to an initial state. It is not possible to handle delays and replan
a task from operator to robot or vice versa. On the other hand the
aim with intelligent automation that can be adaptive to changes in the
environment by learning and predicting, can replan paths or sequences
and enable deliberation in planning and acting safely, is to handle such
unexpected changes.

Certainly this flexibility in the environment and the sequence may
arise many challenges linked to how different dimensions and speeds
should be calculated not least how to ensure the delivery on time.
Therefore a risk assessment which is mandatory in all automation
applications must be performed in several iteration, from the planning
phase to final testing for a system. If there are risks with changing the
safety measure or mitigation of the risks is only possible by maintaining
distance, speed or power and force limiting then the standard’s recom-
mended limits should be followed for ‘‘perimeter safety’’, ‘‘zone safety’’
and ‘‘reactive safety’’.

5. Concluding discussion

The approach in this paper does not view (level of) intelligence as a
mode of automation, but it refers to the adaptability of the system itself.
Thus, the level of automation is not related to the degrees of freedom
of the components of the system, but rather the capability of the system
to optimize speed, degrees of freedom, and safety to correspond to
the particular task at hand. In other words, the level of intelligence
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is dependent on the automation system’s capacity to delegate tasks
and set the correct safety measure to optimize the performance of the
automation.

As stated in the previous research, Miller & Parasuraman [25]
understand that a "mixture of human and automation involvement
is frequently desirable, as compared with the extremes of full or no
automation. Thus, human-machine systems must be designed for an
appropriate relationship, allowing both parties to share responsibility,
authority, and autonomy in a safe, efficient, and reliable fashion’’ [25].
How this should be achieved is however not sufficiently addressed in
previous literature. This article is addressing this issue, with a focus on
safety.

One of the contribution of this paper is the presented case study
of stakeholders views on intelligent human–robot collaboration. It has
demonstrated that industry stakeholders within the automotive indus-
try are largely reluctant towards human–robot collaboration at the
production facilities. They generally have bad experience of previous
installations of cobots. However, they refer to applications where one
small robot has been installed in a production line that is mainly
manual. We argue that they do not evaluate human–robot collaboration
as such but rather the functionality of an individual small robot that can
be used without fences. But with weaker performance in the sense of
lifting capacity, speed, and efficiency.

One of the major obstacles for introducing human–robot collabo-
ration is that current regulation is understood by the stakeholders to
make the collaborative automation installations slow and expensive.
The process of making CE-markings is also understood as complicated,
especially if robots are to be used in a flexible way. In our understand-
ing the current regulation and safety standards are not well adapted to
robots operating in the same physical space as humans. This is due to
the fact that they are based on a traditional view on robotic automation.

To conclude, several attempts have been made to facilitate safe
use of human–robot collaborative systems. However, we argue that i)
existing categories and conceptualizations used to guide safety evalua-
tion are insufficient, because they do not provide an all encompassing
taxonomy relevant to challenges of facilitating intelligent human robot
collaboration in industrial settings ii) the intelligent and autonomous
aspect of intelligent human robot collaboration is not sufficiently ad-
dressed in existing regulation and standards, making the regulation
inadequate for efficient and flexible solutions iii) current standards do
not enable evaluation of the trade off between safety, efficiency and
flexibility, and (iv) the regulation has a lack of focus on active safety
and using the control system as a safety measure.

Regarding current safety standards, they can be used with sim-
ple cobot installations but the classification of collaborative operation
modes and safety evaluation are much adapted to traditional automa-
tion solution They do not allow flexibility nor considering performance
requirements, since they are mainly eliminating risks by limiting speed
of force, or enforcing distance. These limitations can be an obstacle for
solutions that involve real collaboration, which require higher level of
intelligence and autonomy.

As a tentative solution to some of the concluded problems above,
we proposed the new approach deliberative safety and contribute to
classification of new safety measures to enable safety evaluation based
on a number of fundamental KPIs: degree of freedom, interaction,
speed, concurrency, coordination, monitoring and complexity. These
KPIs can determine the level of flexibility, the level of efficiency, the
level of interaction, how and when to share a space and the level
of complexity required for implementing each of the suggested safety
measures.

While the first measures labeled as ‘‘perimeter safety’’, ‘‘zone safety’’
and ‘‘reactive safety’’ fit well together with current risk evaluation in
the robotic standards based on the Machinery Directive for simpler
operation, the ‘‘planned safety’’ and ‘‘active safety’’ measures are more
challenging to apply, advocating more reasoning between human and
robots and shared decision making in truly collaborative operations.

Using the deliberative safety approach and allowing adjustable safety



Robotics and Computer-Integrated Manufacturing 78 (2022) 102386A. Hanna et al.

d
E
t
a
i

a
w
t
w
a
i

C

s

measures in operation will enable new possibilities. However, this
will requires new types of intelligent and adaptive control systems,
a reliable communication architecture, advanced monitoring, and an
intuitive human-machine interface.

Inevitable, using the deliberative safety concept may incorporate
new type of risks. Therefore it is necessary to develop new risk as-
sessment and risk reduction methods that analyze and evaluate risks
due to intelligent software and hardware to ensure that these new
safety measures are able to handle or reduce the upcoming risks. The
deliberative safety concept might require more knowledgeable human
operators and new type of training to deal with new ways of thinking
about risks an responsibility of the system.

The deliberative safety concept will also require changes in current
regulation and safety standards, as well as in the way safety is dealt
with by government agencies. The development of technology might
challenge existing paradigms of regulation and division of responsibil-
ity in society; this is true for several AI-driven applications used within
different fields of society. Specifically, the introduction of intelligent
system (including AI) in organizations that we are dealing with in this
paper might challenge established ways of organizing responsibility
in decision-making, work management responsibility, and labor law
responsibility linked to non-human entities acting autonomously. The
development of suitable regulation is a topic for further inquiry in the
scholarly literature as well as among government agencies and other
involved stakeholder organizations. However, creating and developing
standardization of technologies is a long term effort and therefore we
aim together with the involved industry in this paper to assess the
feasibility and the value of the suggested safety measures, first on
several use cases in a lab environment and second on real cases in the
production, to start the process of updating current standards to also
incorporate these new intelligent human–robot collaboration system.

To be able to update the current industrial standards, the following
research questions must be answered in the future: How can human and
robots express and understand each others intentions to be able to deliberate
in planning for the best safety measures and in acting to support each others
to avoid and handle risks? and, How can current risk assessment procedure
be adapted to include deliberation in intelligent systems and to evaluate
the proposed safety measures? This will be addressed by investigating
ifferent human interaction strategies using the latest advance in User
xperience Design to enable the deliberative concept and define how
o handle changes and uncertainties but also to adapt and develop risk
ssessment and risk reduction methods that encompasses risks due to
ntelligence and autonomy.

Finally, a concluding remark is that many involved stakeholders
re strongly influenced by how traditional automation is functioning
hen evaluating human–robot collaborative solutions, both in concern

o evaluating safety and efficiency. An argument in this article is that it
ill require a radical change in perception and mentality as well as in
ction to be able to utilize the full potential of intelligent human–robot
nteraction enabling flexibility and efficiency.
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