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A B S T R A C T

Close interactions with a human operator are an important safety concern for collaborative robot systems. For
safety assurance, robot integrators are required to demonstrate that they have taken steps to identify potential
hazards, which may be embedded in collaborative tasks, or embedded within the collaborative workspace.
Consequently, design safeguards are developed to mitigate unintended contact, which may be hazardous to the
human co-worker, while performing cooperative or collaborative tasks. The ISO 15066 standard proposes
guidelines, which designers, integrators, and users need to consider when embedding passive and active safe-
guards on the robot system, or while designing collaborative workspaces. Importantly, the standard premises
such safeguards on structured hazard analysis and risk assessment processes. However, from studies in literature,
it is often unclear how designers, integrators or users can orient design safeguards to outcomes of hazard analysis
and risk assessment. Often it is unclear which steps designers need to follow, or which methods they can use to
analyze hazards and assess risks, which may occur when robot systems and human co-worker perform colla-
borative/cooperative manufacturing tasks. Consequently, verifying the sufficiency of design safeguards to mi-
tigate hazardous interactions in a manufacturing cell is challenging. This article reviews requirements for safety
assurance of collaborative robot systems discussed in the recent ISO 15066 standard for collaborative robots and
how such safeguards are realized in studies discussed in literature. The review explores gaps and propose a
framework based on the ISO 31000 for orienting design safeguards for collaborative robots to outcomes of
hazard analysis and risk assessment.

1. Introduction

Implementing safety assurance design safeguards for conventional
robot systems has traditionally implied isolating or caging a robotic
system away from a human operator to prevent hazardous interactions
(Sandini et al., 2018). While isolating the industrial robot is feasible for
repetitive manufacturing tasks suited for a robotic agent, it is challen-
ging for dexterous and high cognition tasks, which requires a robotic
agent to interact cooperatively or collaboratively with a human op-
erator within a manufacturing cell. Flexible manufacturing tasks in-
volving highly variable and customized assembly processes is one ex-
ample of interesting manufacturing processes requiring dexterous
industrial robots (Culleton et al., 2017; Dalle Mura and Dini, 2019; Buhl
et al., 2019). Human-robot interactions are not limited to manu-
facturing systems, but also extends to surgical robots, where surgeons

interact with robotic agents to perform delicate surgical procedures.
Social robots are also an area of interest where robot assistants navigate
homes while performing tasks such as cleaning or assisting elderly
persons with their daily chores (Anzalone et al., 2015).

However, because of the nature of manufacturing tasks, which are
often hazardous due to processes involved, such as grasping and dril-
ling, safety assurance is a critical factor to consider when designing
robotic systems and collaborative workspaces. In addition, in a manu-
facturing cell, flexibility requirements of production processes impose
restrictions to robot systems, whereof functions performed by robot
systems need to go beyond traditional repetitive tasks. This necessitates
close cooperation between the robot and the human co-worker, essen-
tially eliminating barriers traditionally used to cage away robot systems
(Djuric et al., 2016). For this reason, it is imperative that collaborative
robot systems embed design safeguards, which would mitigate hazards
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that may cause injury to the human co-worker. This implies the need for
safety assurance (Martinetti, 2019; Labagnara et al., 2013). Significant
research effort over the years is continuously yielding hardware-related
safeguards, e.g., pneumatic muscles, or laser scanners for collision
avoidance while carrying out collaborative tasks (Büchler et al., 2016;
Hošovský et al., 2016; Long et al., 2018).

Apart from hardware-related design safeguards, safety-oriented
control strategies to prevent unsafe human-robot interaction in colla-
borative work cells are also discussed in literature (Polverini et al.,
2017). Examples include collision avoidance strategies such as edge-
weighted consensus-based control and sequential control approaches
for manipulating joint angles of robotic devices (Falconi et al., 2015;
Tanaka and Tanaka, 2017). Although intuitive, such strategies often
overlook salient triggers associated with collision hazards, including
hazards embedded in the work environment, such as physical obstacles,
or protrusions on the workpiece, etc. (Guo and Zhang, 2014; Savkin and
C, Wang, 2014).

Consequently, there are suggestions for more structured approaches
for identifying potential hazards embedded in the robotic agent and
collaborative work environment. Such an approach is hypothesized as
yielding a more exhaustive hazard analysis and risk assessment of
shared collaborative workspaces and consequently, more robust design
safeguards (Djuric et al., 2016). This realization motivates the more
recent, ISO 15066 normative standard for Robots and robotic devices –
collaborative robots (International Organisation of Standardisation. ISO,
2016). The ISO 15066 extends generic guidelines of its predecessor, the
ISO 10218 standard for robots and robotics devices – safety requirements
for industrial robots. Both normative standards describe generic guide-
lines needed to achieve a potentially hazard-free collaborative work
environment by assuring safe human-robot interactions. The generic
safeguards here extend beyond active and passive safeguards, often
focusing on aspects such as force or torque limiting requirements, but
also consider hazards associated with human factors.

One important requirement mentioned in the ISO 15066 and pre-
decessor normative standards, is the need to integrate hazard analysis
and risk assessment when embedding safeguards, either on the robotic
agent, or designing collaborative workspaces. Although the ISO 15066
premises several design safeguards to outcomes of hazard analysis and
risk assessment, it is unclear in studies in literature how such an
alignment can be realized (Delang et al., 2017). Thus, in absence of
clear rules or processes, orienting design safeguards to outcomes of such
hazard analysis and risk assessment is rather challenging (Guiochet
et al., 2017). This justifies the need for a robust and systematic fra-
mework for safety assurance, which will ideally align efforts geared
towards developing design safeguards to potential hazards that may be
anticipated while carrying out collaborative or cooperative tasks in the
shared workspace. Moreover, such a framework would provide assur-
ance that design safeguards are sufficiently oriented towards require-
ments specified in normative standards, such as the ISO 15066.

Safety assurance is expected to become more critical as collabora-
tive robot systems are more integrated in manufacturing cells, or social
environment. Hence, it is important to evaluate how designers and
integrators of collaborative robot systems align design safeguards to
outcomes of hazard analysis and risk assessment. Regulatory bodies
increasingly require designers and integrators of robotic agents, to de-
monstrate compliance with guidelines of safety. For instance, for col-
laborative robots, the “European Union Machinery Directive 2006/42/
EC” necessitates compliance with normative standards, in this instance,
the ISO 10218 and ISO 15066 (EU-parliament, Directive 2006/42/EC of
the European Parliament and of the Coucil of 17, May 2006).

This review article seeks to establish gaps on alignment of safety
assurance strategies discussed in literature, with guidelines discussed in
the ISO 15066 normative standard. A emphasis here, lies on safeguards,
which according to the normative standard, should be premised on
outcomes of hazards analysis and risk assessment processes. In the
context of this review, collaborative robots are defined as “robotic

devices involved in shared manipulation of objects, and even make direct
contact with humans” (Eder et al., 2014). Specifically, collaboration
implies some form of interaction between the robot system and human
operator, which extends to service robots (robot assistants), and au-
tonomous (or semi-autonomous robots). Murashov et al. (Murashov
et al., 2016) describe collaborative robots as “combining with dexterity,
flexibility and problem-solving skills of human co-workers”, which
makes them suitable for performing high precision tasks, e.g. intricate
assembly processes.

Although this review focuses on alignment of design safeguards
described in clauses of the ISO 15066 normative standard, and dis-
cussions in literature, this paper also reviews clauses of the ISO 10218
which overlaps with generic guidelines presented in the ISO 15066. As
a basis for suggesting better orientation of design safeguards in litera-
ture and safety assurance suggestions in ISO 15066, this paper also
reviews the generic risk assessment framework described in the ISO
31000 standard.

This review is structured as follows:

• Section 2 presents a comparative discussion of state-of-the-art re-
view articles of safety assurance frameworks for robotic systems,
including collaborative robots. The objective of the comparative
analysis is to highlight gaps in orientation of design safeguards to
outcomes of hazard analysis and risk assessment from past review
studies.

• Section 3 describes the methodology used for the review, including
the search strategy and steps followed for analyzing gaps as far as
design safeguards described in the ISO 15066 are oriented to safety
strategies discussed in literature.

• Section 4 reviews design safeguards embedded in the robot hard-
ware, control system and collaborative work environment discussed
in studies in literature. This section also reviews alignment of the
design safeguards to requirements of the ISO 15066 normative
standards. More specifically, the review evaluates how design
safeguards described in the ISO 15066 are premised on outcomes of
hazard analysis and risk assessment.

• Section 5 discusses challenges orienting design safeguards discussed
in clauses of the ISO 15066, to outcomes of structured hazard ana-
lysis and risk assessment. A safety assurance framework, based on
the ISO 31000 framework for risk assessment is proposed, to allow
designers, integrators and risk analysts to better orient design
safeguards with outcomes of hazard analysis and risk assessment.
Fig. 1 shows the structure of this review article.

2. Comparative reviews of safety assurance of collaborative robot
systems

Literature on safety assurance frameworks for industrial robot sys-
tems, including collaborative robots, is diverse and increasing each
year. This applies specially to review studies focusing on safety assur-
ance aspects of collaborative robot systems. More recent review studies
since publication of the ISO 15066 norm for collaborative robot systems
focus on design safeguards oriented towards collaborative workspaces
while several focus on human-factor aspects influencing safe colla-
borative robot operations.

Table 1 shows an overview of recent articles describing review of
safety assurance aspects for robotic systems. Examples include Bicchi
et al. (Bicchi et al., 2008) where an early review of design safeguards
embedded in the robot hardware is discussed, including laser scanners
for zoning collaborative workspaces. In addition, they review active/
control-related strategies such as Intelligent Assist Devices (IAD), that
allow an adaptable and safe co-manipulation of objects by a robotic
arm. Herrmann and Melhuish (Herrmann and Melhuish, 2010) also
reviewed active design safeguards for robotic systems, including force
and torque compliant mechanical actuators. Passive safeguards such as
lightweight manipulators are also discussed in their paper. Haddadin
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et al. (Haddadin et al., 2011) discuss design safeguards for the DLR
Lightweight Robot, while primarily focusing their review on passive/
hardware and active/control-related design safeguards for collision
avoidance, e.g. impedance control strategies. Table 2 shows an over-
view of design safe guards of collaborative operations mentioned in the

ISO 15066 standard.
Eder et al. (Eder et al., 2014) reviewed challenges and opportunities

for assuring safety of collaborative flexible manufacturing cells where
among other design safeguards, they emphasize the importance of op-
timal task design as an approach for safety assurance. Marvel and

Fig. 1. Structure of the article.

Table 1
Overview of review articles describing safety assurance strategies for collaborative robot systems.

Type of safeguard Description Authors

1. Passive safeguards (embedded on the
robotic system)

- Includes laser scanners, lightweight robotic
structure, foam padding

- Fluid-based actuators with force and torque-
limiting functions.

- Torque and force compliant mechanical actuators

Murashov et al (Murashov et al., 2016); Sohn et al. (Sohn et al., 2018);
Bicchi et al. (Bicchi et al., 2008); Haddadin et al. (Haddadin et al., 2011);
Bloss (Bloss, 2016); Nelles et al. (Nelles et al., 2016); Sarc et al. (Sarc et al.,
2019)

2. Active safeguards (control-related) - Includes intelligent assist devices (IAD)
- Impedance control for collision avoidance, agile
control-oriented strategies with human cognition.

- Active force controllers, force/torque sensing

Herrmann and Melhuish (Herrmann and Melhuish, 2010); Bloss (Bloss,
2016); Villani et al. (Villani et al., 2018); Badri et al. (Badri et al., 2018);
Halme et al. (Halme et al., 2018); Bicchi et al. (Bicchi et al., 2008); Bloss
(Bloss, 2016); Sarc et al. (Sarc et al., 2019)

3. Task-oriented design safeguards - Learning-from-demonstration task design
approach

- Cognitive automation strategies
- Task-based constraints for motion planning

Fast-Berglund et al. (Fast-Berglund et al., 2016); Lasota et al. (Lasota et al.,
2017); Bloss (Bloss, 2016); Sandini et al. (Sandini et al., 2018); Eder et al.
(Eder et al., 2014).

4. Biomechanical models and metrics for
quantifying collision risks

- Probability and collision impact metrics
- Force and torque limiting thresholds

Haddadin (Haddadin, 2015); Nelles et al. (Nelles et al., 2016); Marvel and
Bostelman (Marvel and Bostelman, 2014)

5. Design of interactive virtual
environments

- Laser zoning approaches for interactive
collaboration

- Human supervisory control strategies, kinetostatic
danger field

Marvel and Bostelman (Marvel and Bostelman, 2014); Sheridan (Sheridan,
2016); Bechar et al. (Bechar et al., 2015)

6. Risk-oriented approaches - Proactive risk profiling, dependability risk
assessment models

Murashov et al. (Murashov et al., 2016)
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Bostelman (Marvel and Bostelman, 2014) survey metrics for quanti-
fying the probability, impact and severity of impact forces during
human-robot interactions. Their review explored limiting impact
thresholds, which they link to design safeguards such as light-weight
robotic structures.

Bechar et al. (Bechar et al., 2015) reviewed the role of laser tech-
nologies for supporting safe collaboration by enabling precise (and safe)
interactions between human and robotic agents. The technologies the
authors review is applicable for designing interactive virtual environ-
ments, such as collaborative manufacturing cells, which is of interest to
this review. Fast-Berglund et al. (Fast-Berglund et al., 2016) reviewed
trends in human-automation interaction research and suggest a fra-
mework for designing cognitive automation strategies. Their review
emphasizes the role of task and workplace design as a basis of assuring
safe interaction in collaborative manufacturing cells. Rabbitt et al.
(Rabbitt et al., 2015) review hardware-oriented safeguards such as
foam padding for mitigating hazardous quasi-static contact with social
assistance robots.

Additional examples include, Haddadin (Haddadin, 2015) who re-
viewed biomechanical models for quantifying the severity of injury due
to impact forces on different parts of the human body. They further-
more propose a framework for establishing impact force limiting
thresholds, to be considered alongside design of collaborative tasks.
Marvel and Bostelman (Marvel and Bostelman, 2014) similarly review
biomechanical models and impact limiting thresholds. Sheridan
(Sheridan, 2016) reviewed human supervisory control strategies for
repetitive industrial tasks, including use of visual recognition strategies
for allocating collaborative tasks to either the robotic agent or human
co-workers. The authors emphasize the importance of considering
human factors aspects while designing supervisory control archi-
tectures. Murashov et al. (Murashov et al., 2016) reviewed organiza-
tional safeguards and propose several rules for assuring safety of col-
laborative robot systems, including proactively mapping risk profiles of
collaborative workspaces.

Bloss (Bloss, 2016) reviewed design safeguards for collaborative
robots described in the ISO 10218 and ISO 15066 normative standards,
including force and torque limiting functions, deceleration and stop-
ping functions and foam padding physical surfaces of robot systems.
Lasota et al. (Lasota et al., 2017) categorized design safeguards for
collaborative robots into four broad classes; pre- and post-collision
avoidance control strategies, geometric and task-based constraints al-
gorithms for motion planning, embedded capabilities for predicting
human motion, and anticipatory algorithms which adapts robot motion
to human behavior. Nelles et al. (Nelles et al., 2016) reviewed ergo-
nomic safety assurance measures for improving physical human-robot
interaction, which include remotely controlled head-mounted actua-
tors. They furthermore consider factors such as physical strain the ac-
tuator places on the neck muscle of a user, potentially injuring the user
of the actuator. Villani et al. (Villani et al., 2018) reviewed design of
interactive interfaces, and how they influence how a user safely

interacts with a robotic agent. From their review, they highlight chal-
lenges such as determining the optimal position for locating the inter-
face, such that the positioning better orients to design of the colla-
borative task, thereby effective for collision avoidance.

Guiochet et al. (Guiochet et al., 2017) reviewed dependability
modelling approaches for assessing design safeguards of safety–critical
systems, including collaborative robot system. They highlight potential
sources of hazards described in both literature and normative stan-
dards, including the ISO 15066. Some examples of the dependability
assessment approach they review, include the Fault Tree Analysis
(FTA), which they suggest is useful for forecasting potential accident
events originating from flaws in design safeguards of the robot system.
The FTA is an important risk assessment method for safety–critical
systems, such as nuclear power plants.

In other studies, Badri et al. (Badri et al., 2018) reviewed safety
assurance measures for automated manufacturing cells, where they
highlight potential opportunities and expected challenges as companies
integrate collaborative robots on the shop floor. The authors mention
design safeguards such as agile control strategies, that allows reasoning
and adapts to human behavior in collaborative shared workspaces.
Sohn et al. (Sohn et al., 2018) reviewed innovative fluid-based actua-
tors for robotic devices, including, electro-rheological fluids, magneto-
rheological fluids based actuating approaches for assuring safety of
high-performance robotic interactions. The fluid-based actuators limits
torque and thresholds of impact forces, thereby mitigating potential
injury to co-workers in shared collaborative workspaces.

Sandini et al. (Sandini et al., 2018) reviewed social cognition design
safeguards for robotic systems while evaluating challenges and oppor-
tunities designing robust cognitive architectures that will potentially
embed symbiotic capabilities to collaborative robots. Such symbiotic
robotic architectures enhance safety through strategies such as trading-
off speed and positional accuracy of robotic manipulators to avoid
hazardous contact in shared collaborative workspaces. Sarc et al. (Sarc
et al., 2019) reviews literature exploring integration of intelligent ro-
botic devices within circular economy and waste management systems.
Part of their review focuses on how collaborative robotic systems are
applied for recycling waste, and specifically, design safeguards for
preventing hazardous contact in shared workspaces. Like the reviews
earlier discussed, they highlight design safeguards, including speed,
power limiting and robot proximity sensors. Halme, Lanz (Halme et al.,
2018) reviewed vision-based safety assurance strategies for collabora-
tive robot systems, including a kinetostatic danger field and cognitive
visual-oriented algorithms for collision avoidance.

The review studies discussed in this section shows a tendency to-
wards hardware or control-related design safeguards which are pri-
marily implemented for collision avoidance. However, the reviews
delink design safeguards discussed in literature, with structured pro-
cesses for hazard analysis and risk assessment. Although some reviews,
e.g. Guiochet et al. (Guiochet et al., 2017) assert the importance of
assessing hazards and risks for collaborative workspaces, in a structured

Table 2
Examples of design safeguards for collaborative operations.

Approaches for designing collaborative operation aligning with clauses of ISO 15066

Task design strategies Approaches utilizing tasks analysis methods:Dynamic task classification (Bruno and Antonelli, 2018)Hierarchical task decomposition
and allocation (Bruno and Antonelli, 2018; Marvel et al., 2014; Pearce et al., 2018; Weichhart et al., 2018; Mateus et al., 2019;
Stadnicka and Antonelli, 2019) Combined hierarchical task analysis and lean methods (Stadnicka and Antonelli, 2019) Approaches
utilizing simulation-based methods:Optimization model for task design and allocation (Bänziger et al., 2018) Agent-based model for
optimizing task planning (Johannsmeier and Haddadin, 2016)

Design and location of stopping
functions

Functions embedding proximity sensory devices:
- Stopping function linked to laser scanners, Kinect camera (Michalos et al., 2018; Magrini et al., 2020)

Modelling-based stop functions:
- Constraint-based model for optimizing minimum safe-distance (Michalos et al., 2018)

Design and location of pendant control:
- Torque-activated pendant control optimizing friction resistance and high gravity torque (Gao et al., 2019)
- Force recognition control method for direct teaching (Marvel and Norcross, 2017; Magrini et al., 2020).

P. Chemweno, et al. Safety Science 129 (2020) 104832

4



way, and moreover propose several risk assessment methods, their re-
view focuses on methods for assessing colision risks, which are often
assumed to be known apriori by designers, integrators and users of
collaborative robot systems. A similar trend towards collision avoid-
ance strategies is highlighted in more recent literature studies, for in-
stance in Sandini et al. (Sandini et al., 2018) (positional accuracy of
manipulators), Sarc et al. (Sarc et al., 2019) (power limiting functions),
and Eder et al. (Eder et al., 2014) (collision avoidance approaches).

The review studies also mention perfomance metrics for quantifying
impact-force risks, including Haddadin (Haddadin, 2015) (biomecha-
nical models) and Marvel and Bostelman (Marvel and Bostelman, 2014)
(impact severity metrics of H-R collision). Nonetheless a similar trend
towards collision-related hazards in shared workspaces, while per-
forming collaborative tasks is noted.

Hence, to better align design safeguards with outcomes of hazard
analysis and risk assessment, evaluating suggestions in clauses of the
ISO 15066 normative standard is an important first step. To date, the
ISO 15066 standard presents comprehensive guidelines for developing
design safeguards for collaborative robot systems. Several clauses of the
standard premise design safeguards on outcomes of formal hazard
analysis and risk assessment processes. However, since the guidelines
are rather generic, realizing robust design safeguards is challenging,
especially with absence of a robust framework which aligns such safe-
guards to hazard analysis or risk assessment processes. Therefore, in
absence of a structured alignment, realizing safety assurance remains
largely the responsibility designers and integrators of collaborative
robot systems (Mateus, 2016).

For the above reason, it is important to review how design safe-
guards are oriented to outcomes of hazards and risks inherent in col-
laborative workspaces, or which may potentially arise during human-
robot interactions. For this review, we use the structure provided by the
ISO 15066 to understand attempts in literature aiming at this align-
ment. This review extends beyond clauses of the ISO 15066 alignment
which premises design safeguards to outcomes of hazard analysis and
risk assessment. For instance, for designing safe collaborative work-
spaces, we focus on environmental aspects such as optimal lighting,
noise insulation, which influences how a human operator works co-
operatively or collaboratively with robot systems. A link between
cognitive workload conditions (related to task design) to human fa-
tigue, which negatively affects the performance of a human operator
leading to possible lapses in judgement and potential errors leading to
accident events is discussed in literature, e.g. see Guastello et al.
(Guastello et al., 2012). Likewise, human-induced hazards for machine
operation, are an important focus of this review, as they influence the
safety of collaborative or cooperative a human operator performs with
robot systems.

3. Review methodology

The review starts with a search of clauses of the ISO 15,066 in which
design safeguards for collaborative robots are premised on outcomes of
hazard analysis and risk assessment processes. For collaborative
workspaces, we consider the definition discussed in clause 4 of the ISO
15066 where a collaborative workspace, is described as (International
Organisation of Standardisation. ISO, 2016): “a space shared between the
human worker and the robot system”.

For purposes of risk assessment, we use the definition in ISO 15066
as a guidance, which specifies the need to: “identify hazards and estimate
the risks associated with a collaborative robot system, so that proper risk
reduction measures can be implemented”.

For screening design safeguards in the standard, search terms used
include ‘risk assessment’ and ‘hazard analysis’, and ‘safety requirements.
From this filtering, the overview of clauses shown in Fig. 2 is derived.
The next step in the review methodology involved screening articles in
literature, describing safeguards aligned with clauses of the ISO 15066.
For this screening process, we also used search strings relevant to a

specific clause of the ISO 15066. For example, the combination of
‘stopping functions’ AND ‘collaborative robots’ was used to filter out ar-
ticles relevant to Clause 5.4, describing safeguards oriented to ‘design of
collaborative robot operation’. Fig. 3 illustrates design safeguards of the
collaborative workspace, access and clearance.

A second filtering step was followed for searches returning many
articles. Predominantly, conference papers that were three years or
older were filtered out. However, more recent conference articles (< 2
years) were retained since often, the articles discuss innovative safety-
oriented strategies for collaborative robot systems. For rigor, the filter
focused on articles appearing in internationally reputed conferences
such as ‘International Conference on Intelligent Robots and Systems’. For
published articles, we primarily prioritized articles appearing in robot-
related publications, such as ‘Robotics and Computer-Integrated
Manufacturing’ and ‘Robotics and Autonomous Systems’, and safety-or-
iented journals, such as ‘Safety Science’ and ‘Journal of Manufacturing
Systems’.

4. Schematic of safety assurance for collaborative robots

The schematic in Fig. 2 is used to structure this review and more
importantly, we focus on how studies in literature attempt to align
design safeguards for collaborative robots, with clauses of the ISO
15066 in which, such safeguards are premised on outcomes of hazard
analysis and risk assessment.

4.1. Design of the collaborative workplace, access and clearance (Clause
5.3):

Clause 5.3 specifies that “risks introduced by the machinery or equip-
ment shall be sufficiently mitigated by measures identified in the risk as-
sessment” (International Organisation of Standardisation. ISO, 2016).
For carrying out the assessment, the need for a formal guideline is
mentioned. In this clause, designers and integrators of collaborative
robots are referred to clauses of the ISO 10218–2 normative standard
where a generic hazard checklist is described. Clause 5.3 also premises
positioning of robotic systems in the collaborative workspace on out-
comes of hazard analysis. More specifically, the clause mentions that
collaborative robots should be positioned in “such a way that hazards are
not introduced in the collaborative workplace”. Strategies recommended
for achieving safe positioning, include embedding safety-rated soft
axes, essentially to orient the motion of the robot manipulator within
the collaborative workspace, to avoid hazardous contact with a human
co-worker.

In literature, attempts to realize safe positioning of the robot system
in the collaborative workspace, focuses on dynamic collision avoidance
strategies. Meziane et al. (Meziane et al., 2017) proposed an adaptive
trajectory planning approach which embeds supervised learning, in-
tegrating neural networks. Their approach facilitates optimal mapping
of waypoints, thus allows the manipulator to move within a colla-
borative workspace, while avoiding obstacles and possible collisions is
the shared workspace. A motion planning algorithm which optimizes
trajectory of movement of a robotic arm and implementing a safety-
rated axis is discussed in Chen et al. (Chen et al., 2018). In their study,
the motion planning approach is implemented through covariant Ha-
miltonian optimization, an approach which utilizes functional gradient
techniques to iteratively improve the quality of a trajectory to avoid
obstacles in the collaborative workspace (Zucker et al., 2013).

Doan et al. (Doan and Lin, 2017) propose a multi-objective opti-
mization approach for planning the movement path of a 6-R articulated
robot manipulator (i.e. 6 degrees of freedom manipulation). Their ap-
proach considers several joint movement constraints, including joint
angle, and movement speed. They further consider constraints such as
the effective distance between a moving arm and an obstacle, with
these constraints translated to the effective radius of the manipulator
links. Additional collision avoidance strategies implementing safety-
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rated axis includes an approach discussed in Mohammed et al.
(Mohammed et al., 2017) utilizing depth cameras to enhance robot
perception while moving within the collaborative workspace. Their
approach optimizes movement trajectories of the robotic arm, thus
mitigating potential hazardous collisions in shared workspaces. Lasota
et al. (Lasota et al., 2014) proposed an approach utilizing a safe ‘soft-
axis’, which optimizes the positional axes of the robot manipulator vis a
vis the position of the human in the shared workspace. Their pro-
grammable safe soft-axis leverages on a more agile design of the joint
angle of the robotic arm, thus enhancing its maneuverability.

For designing collaborative workspaces, dynamic limiting devices
such as using light curtains (utilizing laser scanners) are discussed in
Michalos et al. (Michalos et al., 2018). In their study, collision

avoidance is achieved by stopping the motion of the robot, when there
is risk of hazardous contact with a human operator. However, Maeda
et al. (Maeda et al., 2017) criticizes this strategy as limiting pro-
ductivity of a manufacturing cell because of incessant stops, especially
for intensive collaborative tasks which require close proximity between
a human operator and the collaborative robot. Wadekar et al. (Wadekar
et al., 2018) recently propose a computational approach for modelling
the layout of the collaborative work cell, while minimizing risks of
inadvertent hazardous contact in the shared workspace. Although the
authors mention the need for assessing risks and hazards while de-
signing the layout, it is unclear in the study how the risk assessment
process is realized. Brandstötter et al. (Wedenig et al., 2019) describe a
more recent safety assurance strategy which establishes safety-rated

Fig. 2. Design safeguards of ISO 15,066 premised on hazard analysis and risk assessment.

Shared 
workspace

Robot workspace Operator
workspace

Dynamic collision 
avoidance

Trajectory planning
algorithms

Functional gradient 
techniques

Robotic perception: 
depth camera

Agile maneuverable 
joint angles

Dynamic motion 
limiting devices 

Computational 
work-cell design

Sensory work-cell 
safety zoning

Fig. 3. Illustration of several safeguards for design of collaborative workspace, access and clearance.
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dimensions of the collaborative workspace.
A trend towards coupling sensory requirements and safety assurance

guidelines specified in normative standards such as the ISO 10218 and
ISO 15066, is observed for industrial robots that are designed to operate
autonomously or isolated from human presence. For instance, the
‘safety eye’ feature in the KUKA LBR iiwa© and the ABB YuMi© utilizes
a zoning strategy to prevent access to the robot workspace while a
manufacturing process is ongoing. The zoning approach limits access by
triggering a stop-motion function, or activating speed limiting func-
tions, of the moving manipulator (Robotics, 2017). Similarly, zoning
collaborative workspaces using sensory devices is challenging for in-
tensive, interactive collaborative tasks performed by a robotic agent
and human co-worker.

4.2. Design of the collaborative robot operation (Clause 5.4).

For designing collaborative operations, Clause 5.4 of ISO 15066
describes design safeguards associated with collaborative tasks such as
material handing operations. Furthermore, the ISO 15066 premises
these safeguards on a formal task analysis process, followed by hazard
analysis and risk assessment. Attempts towards aligning design of col-
laborative tasks with a hierarchical task analysis (HTA) approach is
discussed in literature. The HTA is utilizes a task decomposition ap-
proach for designing and allocating collaborative tasks to either the
human co-worker and/or collaborative robot (Costa Mateus et al.,
2018).

Examples of studies utilizing a task decomposition approach as a
basis for designing and allocating tasks, include Bruno and Antonelli
(Bruno and Antonelli, 2018) who propose a dynamic task classification
approach. Their study addresses the task assignment problem by first,
decomposing tasks into their basic elements, and thereafter, allocating
basic tasks to either the robot agent or human co-worker. Here, factors
such as workload requirements, and task scheduling is considered while
allocating tasks. Marvel et al. (Marvel et al., 2014) utilize a task de-
composition approach after which, assess risks associated with task
elements requiring tooling, or requiring intervention necessitating
contact with a human co-worker/operator. For assessing the risk fac-
tors, the authors utilize knowledge databases of potential hazards, for
instance, piercing hazard linked to sharp work pieces.

Pearce et al. (Pearce et al., 2018) discuss an optimization frame-
work, which generates task assignments and task schedules for the ro-
botic agent and human co-worker, while considering constraints such as
production make-span and ergonomic factors. The latter constraint in-
fluences how a human co-worker cooperates or collaborates with the
robotic agent. For decomposing tasks to basic task elements, the authors
utilize a hierarchical task decomposition model. More intense co-
operation or collaboration in this regard, may induce safety hazards
while performing shared tasks. Weichhart et al. (Weichhart et al., 2018)
review requirements for agent and role-based planning approaches for
flexible automation systems, including collaborative robots. Their study
reviews hierarchical task decomposition approaches as a useful method
for task design and allocation, of collaborative robot tasks.

Mateus et al. (Mateus et al., 2019) discussed a novel methodology
for designing collaborative workspaces, which integrates a hierarchical
task analysis phase to identity functional requirements and deseg-
regating collaborative tasks. The desegregated tasks are next allocated
to the robot and human co-worker, depending on factors such as cog-
nitive requirements (more suited for a human co-worker) and capability
of the robot (repetitive tasks). Stadnicka and Antonelli (Stadnicka and
Antonelli, 2019) propose guidelines for designing collaborative manu-
facturing cells for which they suggest utilizing methods derived from
lean thinking. They mention HTA as a useful approach for designing
collaborative tasks.

Simulation approaches are also discussed for designing collabora-
tive tasks. Examples mentioned in literature include, Bänziger et al.
(Bänziger et al., 2018) where a simulation tool is discussed for

optimizing for task allocation, which is realized by automating stan-
dardized work descriptions for complex assembly processes, requiring
collaboration between a robotic agent and human co-workers. Jo-
hannsmeier, Haddadin (Johannsmeier and Haddadin, 2016) propose an
optimization model which considers both single and multiple agent
planning constraints, therefore facilitating real-time evaluation of as-
sembly scenarios (with varying task allocation between a robotic and
human agent). Additional studies exploring task allocation approaches
include (Dalle Mura and Dini, 2019; Pearce et al., 2018; Fang et al.,
2019).

Clause 5.4 specifies the need for embedding protective measures
while designing collaborative operations. Here, design safeguards that
are described include stopping functions, which should be premised on
a rigorous risk assessment process. The standard also premises provi-
sion and location of pendant control, on outcomes of a formal risk as-
sessment process. However, while such design safeguards are premised
on formal processes, realization is not clear from studies in literature.
For example, Marvel et al. (Marvel and Norcross, 2017) discuss stop-
ping function options for collaborative robot system, including among
other functions, isolating power supply to actuator drives, braking-de-
vices and devices activating a counter motion on motor drives. They
further discuss actuation options, which include mechanical limit
switches, pedal-operated switches, or hydraulic brakes.

Magrini et al. (Magrini et al., 2020) discuss a stopping function for a
robotic manipulator operating in shared workspaces, which embeds a
‘Safe Tool Zone’ discussed previously for zoning collaborative work-
spaces. The zoning approach utilizes laser scanners and Kinect cameras
for proximity sensing and establishing a safe distance between the robot
manipulator and human worker. Michalos et al. (Michalos et al., 2018)
discuss a stopping function which is quantified as a function of the
minimum distance between the manipulator and human co-worker,
manipulator speed and minimum time required to stop the manipulator
before contact is achieved. However, in their study, establishing
threshold values for the variables is delinked to hazard analysis or risk
assessment processes.

For designing and locating the pendant control for robotic devices,
which the ISO 15066 premises on a risk assessment process, Gao et al.
(Gao et al., 2019) proposes a torque actuated teaching pendant which
optimizes the effort required to control movement of robotic manip-
ulators with large gravity torque requirements. They model gravity
torque requirements as a function of the of angle joint position, con-
sequently minimizing the actuation torque required to control the
manipulator. Additional examples utilizing torque/force sensors, which
is seemingly a predominant approach used for designing pendant con-
trols is discussed in studies, e.g. see (Marvel and Norcross, 2017;
Magrini et al., 2020; Chu et al., 2016).

From a safety perspective, designing and positioning the pendant
control is mentioned as challenging, especially considering skills re-
quired by an operator to effectively use the pendant control to ma-
nipulate the robotic agent. Lee et al. (Lee et al., 2017) alludes that this
challenge can potentially induce hazards while performing collabora-
tive operations or intervening to control the robot. From studies dis-
cussed in this section, establishing safe limits of torque or forces re-
quired to actuate the pendant is not clear, especially how such limiting
values are linked to outcomes of risk assessment. From the reviewed
studies, the limiting values vary from study to study, depending on
modelled factors, such as operating requirements of the collaborative
robot or tasks the robot is expected to perform collaboratively with a
human co-worker.

Table 3 shows an overview of design safeguards described for clause
5.3 and 5.4 of the ISO 15066 standard.
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4.3. Collaborative operations encompassing safety-rated monitored stop,
hand-guiding operation, speed and separation monitoring, power and force
limiting (Clause 5.5).

Clause 5.5.2.3 mentions suggestions for implementing a safety-rated
monitored function, which the standard premises on formal risk as-
sessment processes. This function prevents hazardous movement of the
collaborative robot within shared workspaces. Hand-guiding operations,
also discussed in Clause 5.5 are also governed by a safety-rated mon-
itored stop-mode, which allows the operator to intervene when the robot
system is performing autonomous functions. Furthermore, this allows
the operator to safely manipulate the robotic agent and avoid potential
hazardous contact. By intervening, the robot system switches to a stop-
mode and the ISO 15066 premises the safety-rated monitored speed
function for hand-guiding operations, on formal risk assessment pro-
cesses.

Gopinath et al. (Gopinath et al., 2018) discuss a hand-guiding
method for performing assembly operations, which the authors link to a
task design and allocation strategy. In their study, the motion of the
robot manipulator is automated while executing robot-related tasks.
The manipulator assumes a passive mode when tasks are transferred to
a human co-worker. For safety assurance, the authors assess risks em-
bedded in the workstation while relying on experts and using guidelines
suggested in (RIA). Malm et al. (Malm et al., 2019) also discuss an
embedded force-torque sensor for hand-guiding operations, which in-
tuitively follows a similar design approach for pendant controls dis-
cussed previously. For safety assurance, they model limiting thresholds
for facilitating a high response, when interacting with the teach pen-
dant.

Predominantly, the safety-rated monitored stop is realized either
manually or automatically. For automated monitored stop, object-re-
cognition sensors and collision-avoidance algorithms are utilized to
limit or stop the motion of the robot agent when a human operator
enters the shared workspace (Marvel and Norcross, 2017; Teixeira
et al., 2019). Force sensors as a means for activating a safety-rated stop
is discussed in several studies, for instance, e.g. see Olsen et al. (Olsen
et al., 2015). Other studies discuss a manually activated pendant con-
trol for activating the stop-motion function of a collaborative robotic
agent, for instance, see Heydaryan, Suaza Bedolla (Heydaryan et al.,
2018). Alternative strategies for implementing safety-rated stop, in-
clude hand gesture detection functions discussed in Mazhar et al.
(Mazhar et al., 2019). Hull et al. (Hull and Minarcin, 2016) propose an
integrated design approach combining several design safeguards, in-
cluding a hand guiding function and several design safeguards dis-
cussed in the ISO 15066 such as force limiting functions. However,
incessant stops are an important constraint for optimizing productivity,
especially for intensive collaborative manufacturing tasks.

Clause 5.5 specifies the need to perform risk assessment to identify
and mitigate the impact of potential hazards associated with a work-
piece, the end effector (or gripper) or any other peripherals attached to
the robot manipulator. Some examples of proposed design safeguards
for mitigating the impact of collisions with the end-effector of the robot,
include utilizing force sensors and soft padding, discussed recently in
Gopinath et al. (Gopinath et al., 2018). A challenge, however, is es-
tablishing limiting values of forces or torque to prevent hazardous in-
teractions. Especially, this relates to determining safe thresholds, while

considering the manufacturing process. For instance, the threshold for
end-effectors with pointed tools is different from those without any
attached tool. A general guideline for establishing safe limiting
thresholds of impact forces and contact speed for different parts of the
body, based on the body-model is discussed in ISO 15,066 and likewise,
referenced in studies, for instance, see (Haddadin, 2015; Sanz et al.,
2015; Maurice et al., 2017; Aivaliotis et al., 2019).

Clause 5.5.3.2.4 specifies the need to perform a formal risk assess-
ment, while establishing a safe time limit and distance necessary to
decelerate the robot system and bring it to a stop once the hand guiding
enabling device is released, or when the safety-monitoring stop is in-
itiated. Guidance for calculating the minimum protective separation
distance is described and derived from the ISO 13885, as a function of
the transient contact speed. Limiting values are suggested to ensure safe
contact with different parts of the bodies, of which, the values are de-
rived from the body model. For instance, a speed limit not exceeding
2400 mm/sec is proposed for the end effector to exert a maximum
pressure with an area of 1 square cm of the surface of the hand or
finger.

Anand et al. (Anand et al., 2017) discusses an approach for estab-
lishing a safe limiting speed for collaborative operations, which utilizes
passive-infrared proximity sensors and an on-hand ultrasonic radar to
create a virtual boundary, which if breached by the operator, activates
and slows the motion of the robotic manipulator to a maximum of
100 mm/sec. This speed is less than minimum thresholds proposed in
the ISO 15066 for safe contact speed with a robot manipulator or end-
effector (International Organisation of Standardisation. ISO, 2016).
Malm et al. (Malm et al., 2019) also describe approaches for integrating
speed limits within designs of virtual boundaries, which utilize proxi-
mity sensors. Their study does not link the established limiting
thresholds for safe contact, with suggestions in either the ISO 15066 or
considering the manufacturing process executed in the shared work-
space. Establishing virtual fences is likewise utilized for autonomous
robots, where the speed of the moving robot is programmed to vary
depending on proximity to objects, while the robot is approaching or
navigating specific way points (or potential hazardous zones with
human activity) (Cao et al., 2017; Bohrer et al., 2019). Largely, the
virtual sensors utilize sensory devices, including laser scanners, proxi-
mity sensors, etc. Table 4 illustrates an overview of design safeguards
for collaborative robot operations, premised on outcomes of hazard
analysis and risk assessment.

Looking further, Clause 5.5.4 specifies requirements for speed and
separation monitoring, which is an essential safeguard for instances
where the human operator and the robot system move concurrently
within collaborative spaces. For safety assurance, a safe separation
distance is required to be maintained between the operator and the
robot system (International Organisation of Standardisation. ISO,
2016). Often, determining an optimal safe distance is challenging for
intense cooperative or collaborative tasks. Furthermore, Clause 5.5.4
premises quantification of the safe separation distance on a risk as-
sessment process, which in the event of a violation, the safety-rated stop
is activated.

Ji et al. (Ji et al., 2016) suggests using tactile/capacitive skins,
which provides a dynamic contact detection function for task designs
which do not optimally support a safe separation distance. For example,
this function is rather useful for highly intense interactive collaborative

Table 3
Overview of design safeguards of the collaborative workplace and robot operation premised on hazard analysis and risk assessment.

Description of safeguards premised on hazard analysis and risk assessment

Clause 5.3: Design of the collaborative workplace, access and clearance. Positioning of robotic systems in the collaborative workspace and embedding safety-rated soft axes.
Clause 5.4: Design of collaborative robot operations - Design of safeguards for collaborative tasks such as material handling operations.

- Embedded protective measures to include stopping functions and locating the stopping function.
- Provision of pendant control as part of design of the collaborative operations.
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or cooperative tasks. Somlor et al. (Somlor et al., 2015) also propose a
novel tri-axial capacitive force sensor, which measures/senses varying
force magnitudes. Their sensor design is embedded in a soft-silicon skin
covering the surface of the robotic manipulator, which distributes
sensing capability of the robotic manipulator uniformly across the ca-
pacitive skin. Kouris et al. (Kouris et al., 2018) distinguish between
unexpected collision and voluntary contact events for robotic manip-
ulators, which they argue, differs in terms of characteristics such as
measured cooperative forces. The authors suggest embedding capaci-
tive skins on robotic agents to mitigate unexpected collisions, and also
integrating safeguards such as force/torque sensors, and control algo-
rithms for optimizing external joint torques.

Additional studies describing tactile/capacitive skins for co-
operative or collaborative tasks include (Hoffmann et al., 2017;
Mahmoud-Kalayeh, 2018). A challenge, however, from a safety per-
spective is similarly establishing safe limiting thresholds of contact
forces, which vary from depending on several factor earlier mentioned,
such as type of manufacturing process. Marvel et al. (Marvel and
Norcross, 2017) define a speed and separation monitoring (SSM) dis-
tance function, which they model as a function of among other vari-
ables, speed of the robotic manipulator in the direction of the operator.
To monitor and measure the variables, they suggest dynamic mea-
surement of the speed of the moving manipulator, while considering
dynamic time-steps. Similarly, for their study, determining the optimal
protective distance is challenging and not straightforward.

Clause 5.5.5 specifies requirements for power and force limiting
collaborative operations. This requirement ensures that sufficient
safeguards are in place within the robot system to mitigate injury due to
intentional or unintentional physical contact with the collaborative
robot. The standard premises establishment of the limiting thresholds,
on a formal risk assessment process. Specifically, the standard proposes
limiting values of pain sensitivity for 29 specific areas of the body
(International Organisation of Standardisation. ISO, 2016). Authors like
Vemula et al. (Vemula et al., 2018) propose metrics for assessing safety
of robot designs, where they propose limiting impact values of contact
forces, by measuring the power flux density of the robot arm contacting
the human body. The perform different experiments considering
varying tasks and impact scenarios.

Navarro-Gonzalez et al. (Navarro-Gonzalez et al., 2015) discuss
embedding force sensing capabilities for industrial robots, where lim-
iting values of the sensing capability depends on the task performed by
the collaborative robot. For instance, in their study, limits are estab-
lished for tasks such as inserting a component, turning a screw etc.
However, they acknowledge the challenge of establishing the limiting
threshold values, especially for varying types of collaborative or co-
operative assembly tasks. Birglen (Birglen, 2019) also describe design
of a self-adaptive robotic gripper with force sensing capabilities, which
is adaptable to grasp objects with varying shape configurations. Simi-
larly, establishing force limiting values for varying task designs is
challenging. Additional studies discussing force sensing capabilities for

industrial robots for manufacturing is discussed in studies, e.g. see
(Hughes et al., 2019; Seriani et al., 2018).

Furthermore, Clause 5.5.5.3 specifies criteria to be followed in order
to identify potential hazardous contact events to be considered within a
risk assessment process. The scope of the criteria extends to con-
sideration of the exposed body regions of the operator, the need to
identify the origin of contact of the hazardous events and determining
the probability of occurrence of the contact event. In addition, the
criteria specify the need to identify the type of contact event and con-
tact areas, the basis of which, the impact forces of the contact event are
quantified. Largely, limiting values for force/power is determined
based on maximum allowable values establised based on the body-
model suggested in the ISO 15,066 standard. Similarly, establishing
limiting thresholds while considering varying manufacturing tasks is
challenging. Moreover, Ferraguti et al. (Ferraguti et al., 2019) mentions
the need of verifying maximum limiting forces for quasi-static contact,
against the total energy transfer limits suggested in the ISO 15066
standard. From studies in literature, a similar trend towards im-
plementing force-torque sensing capabilities is largely discussed, with
little evidence aligning such design safeguards to outcomes of formal
risk assessment processes.

Clause 5.5.5.4 aligns formal risk assessment, passive and active re-
duction safeguards either embedded in the hardware or control strategy
of the robot system. Passive design safeguards referred in the clause
includes increasing the contact area of the robot surface in probable
contact with a body part of the human operator. This safeguard extends
to the surface of the robot arm, or to the end-effector. The latter applies
to instances where probable contact is expected with the end effector.
Additional safeguards include, inclusion of energy absorption padding,
or compliant joints manipulators. Implementation of compliant joints is
discussed in several studies, e.g. (Gao et al., 2019; Ayoubi et al., 2019;
Li et al., 2019; Dimeas et al., 2015). However, it is unclear from this
review how the design safeguards are aligned to outcomes of formal
hazard analysis and risk assessment process.

Again, for Clause 5.5.5.4, active design safeguards referred in the
normative standard include force and torque limiting control strategies,
which are embedded in the robot design. Additional active safeguards
include measures for limiting velocities of moving parts of the robotic
arm. Although Clause 5.5.5.4 premises design of the passive and active
safeguards on risk assessment, guidelines for performing the risk as-
sessment are unclear from this review. However, despite the need for
ensuring that robot systems limit harm during collisions with a colla-
borative robot, Rosenstrauch and Krüger (Rosenstrauch and Krüger,
2017) demonstrated that often the collision risk is seldom mitigated if a
risk assessment is performed inexpertly. Table 5 shows an overview of
studies in literature discussing design safeguards implementing power
and force limiting requirements.

Table 4
Design safeguards for collaborative robot operations premised on hazard analysis and risk assessment.

Design safeguards for clause 5.5 premised on hazard analysis and risk assessment

Safety-rated monitored stop - Safety-rated monitored function should prevent movement of human co-worker within the collaborative workspace, which would
be hazardous.

Hand-guiding operations - Measurement of time and distance to activate the stop-mode for hand-guiding operations.
- Force and torque limiting thresholds for hand-guided operations.

Workpiece and end-effector related hazards - A need to consider hazards caused by the workpiece, end-effector, and peripherals attached to the robot manipulator.
- Energy absorption padding, compliant joint manipulators to be premised on risk assessment

Establishing a safe separation distance - Calculating of transient contact speed limiting values for establishing a safe separation distance.
- Calculating safe limiting speed for collaborative operations.

Power and force limiting values - Determining threshold limiting values for pain sensitivity associated with physical contact parts of the robot manipulator or end-
effector.

- Passive safeguards focusing on increasing the contact surface area to limit injury severity.
- Force and torque limiting design safeguards.
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5. Towards a framework for orienting design safeguards to
outcomes of hazard analysis and risk assessment process

From the summary of clauses of the ISO 15066 normative standard
discussed in the previous sections, there is a need to align safety design
safeguards with outcomes of hazard analysis. As discussed, such safe-
guards should be embedded in the design of the collaborative work-
space, robot system, and considered when designing collaborative robot
operations. However, as discussed in the previous section, achieving a
structured alignment between outcomes of risk assessment and design
safeguards is problematic. More precisely, for safeguards discussed in
the ISO 15066 standard.

The ISO 31000 standard (risk management, principles and guidelines)
proposes a structured, generic guideline for assessing risks in safety
critical installations and describes several possible risk assessment
methods. The ISO 31000 describes three main phases for structuring the
risk assessment processes, thereby aligning hazard and risk identified in
shared workspaces, with design safeguards suggested in standards such
as the ISO 15066. The steps are illustrated in Fig. 5 (adapted for re-
view).

The first step in the process focuses on identifying sources of risks
and risk metrics, discussed further in Section 5a. The second step in-
volves analyzing risks and quantifying risk. We propose approaches for
quantifying risks based on measurable parameters such as impact force,
separation distance, among other metrics described in ISO 15066.
Furthermore, steps for structuring mapping (and quantifying) unclear,
yet important risk factors such as psycho-social induced hazards (dis-
cussed in Section 5b). The third risk assessment step focuses on

evaluating limiting threshold for risk sources and metrics quantified in
the previous steps (further discussed in Section 5c).

5.1. Risk identification: Metric and sources from the ISO 15,066

The clauses of the ISO 15066 suggest metrics that are aligned with
design safeguards, hence potential indicators of risk. For instance, force
and power are mentioned in Clause 5.5 where the need for establishing
limiting values is emphasized based on risk assessment. Intuitively,
there is a clear link between impact forces and injury risks during ad-
vertent or inadvertent collisions. Moreover, risk metrics extends to
metrics such as movement speed of the robotic arm (or human co-
worker) in the collaborative workspace, safe separation distance me-
trics, and axial/cartesian joint movements. The metrics here are asso-
ciated with design safeguards, including stop-motion. Safety-rated axis
influences movement of the robotic arm and from a risk assessment
perspective, mapping the movement vis a vis position of the operator in
the shared workspace potentially indicates likely collision scenarios.

While risk metrics are usable in the next step for quantifying injury
risks based on limiting thresholds, identifying sources of risk such as
workpiece and end effector hazards is often unclear. For this reason,
hazard checklists are suggested in the ISO 15066 and ISO 10218 as an
important starting basis for identifying potential risk sources. However,
standardized hazard checklists are non-exhaustive often ignoring ad-
ditional risk factors such as task design and complexity, type of man-
ufacturing task, or environmental risk sources including trip hazards.
From a risk assessment perspective, task design influences interaction
intensity between the robot and human operator is shared workspaces,

Table 5
Overview of design safeguards aligned to power and force limiting requirements of ISO 15066.

Clause: Description: Related-studies:

5.5.5: Power and force limiting
functions.

Establishing limiting threshold values for static
and quasi-static contact:

- Pain sensitivity thresholds for parts of the
human body.

- Limiting force thresholds for unexpected
collision.

- Implementing force limiting threshold
within experimental set-ups.

ISO 15066 (International Organisation of Standardisation. ISO, 2016) (Guo and Zhang,
2014); Vemula et al. (Vemula et al., 2018); Rosenstrauch and Krüger (Rosenstrauch and
Krüger, 2017); Matthias (Matthias, 2015).

- Force-sensing capabilities for industrial
robots.

Navarro-Gonzalez, Lopez-Juarez (Navarro-Gonzalez et al., 2015); Birglen (Birglen, 2019);
(Hughes et al., 2019) ; (Seriani et al., 2018) ; Ren, Dong (Marvel and Norcross, 2017) ; Lee,
Choi (Lee et al., 2017)

Fig. 4. Overview of design safeguards for hand-guiding operations, safety-rated monitored stop, speed and separation monitoring.
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potentially involving a higher number of possible hazardous contact
instances (Dalle Mura and Dini, 2019). Thus, to exhaustively identify
potential risk sources, structured methods are suggested. This includes
utilizing methods such as Hazard and Operability Analysis (HAZOP),
e.g. discussed in Guiochet et al. (Guiochet et al., 2017). In their study,
the HAZOP is utilised in combination with structured object oriented
graphical tools to explore human-robot interactions likely to create
pathways to hazardous contact in shared workspaces. For exhaustive-
ness, guidewords are used to simulate what-if scenarios of violation
likely to lead to hazardous contact in shared workspaces. An example of
a safety violation is failure to initiate stop-motion safe guard when the
safe separation distance is breached.

However, the HAZOP leads to combinatorial explosion of failure
scenarios, especially for complex manufacturing tasks involving intense
collaboration between the robot and human co-worker. To mitigate this
challenge, some suggestions include implementing the HAZOP at early
phases of the risk assessment process, and defining boundary conditions
for hazard analysis. This includes limiting the combinations of guide
words and implemeting a robust pruning criteria for limiting the
number of potential scenarios. The pruning may involve omitting sce-
narios judged by analysts or experts to be infeasible (Matthias and TS, ,
2015).

When HAZOP is combined with task analysis tools such as HTA
designers and risk analysts are availed with a larger degree of freedom
to identify potentially vague sources of risks, including environmental
hazards such as slips and obstacles. Morever, human-related souces
likely to create hazardous events in shared workspaces are potentially
identified. Dogramadzi et al. (Dogramadzi, 2014) discuss a variant of
the HAZOP - Environmental Hazard Analysis, for identifying environ-
mental-related hazards such protrusions on a work-piece likely to injure
the operator.

Additional structured methods for identifying risk sources em-
bedded in collaborative workspaces include object-oriented graphical
modelling tools such as the Unified Modelling Language (UML), which
is utilised for mapping hazardous points of contact during human-robot
interaction. The UML is used as the basis for optimising collision
avoidance strategies for service, and improving safety of collaborative
and medical robots (Guiochet et al., 2017; Gleirscher et al., 2019; Tran
et al., 2017).

However, we would like to highlight several challenges with
structured hazard identification methods, namely, the combinatorial
explosion problem for HAZOP. Furthermore, using tools such as the
HTA and UML is problematic for tasks with a large sequence of

dependent/independent steps. Therefore, integrating efficient pruning
methods for large scenarios, or heuristics for automating task decom-
position are potential areas of future research.

5.2. Risk analysis: Quantifying probability and impact of hazardous events

For quantifying risk metrics identified in Step 5(a) an important
challenge is establishing safe limiting values for force, torque and
power, which the ISO 15066 premises on risk assessment. As discussed,
the ISO 15066 proposes the body model as a basis for establishing safe
limiting values of impact forces on different regions of the body.
However, an explicit alignment between the established limiting values
and task design is often not apparent. Yet, task design influences aspects
such as gripping and impact forces, which, depending on the body re-
gion of contact potentially leads to crushing or puncture injuries. For
instance, puncture wounds are linked to the type of tooling gripped by
the robotic device and the orientation of the robotic manipulator to the
specific regions of the body.

For structuring the task analysis step and establishing safe limits for
force and power, methods including the Hierarchical Task Analysis is
also helpful for evaluating body regions likely to come into contact with
the end-effector or tooling. The task analysis will also allow analysts to
visualize points of contact based on orientation of the robotic manip-
ulator and location of the operator. Mapping points of contact avails a
more structured approach for estimating the probability of hazardous
contact, and severity based on impact forces on specific body regions.

In addition to considering the body contact area, vis a vis task de-
sign and likely impact force, movement speed of the robotic arm (or
operator) during contact is an important risk factor. The ISO 15066 sets
a threshold value of 1.6 m/s for the movement speed of the operator in
the direction of the robot manipulator.

The ISO 15066 describes guidelines for transient contact speed limit
values and corresponding maximum pressure values exerted on dif-
ferent regions of the human body. However, the limiting values only
implicitly considers task design or type of collaborative task. Thus, to
more robustly quantify impact forces, task-based variables should also
be considered. Marvel et al. (Marvel and Falco, 2014) suggests a task-
based approach in which risk factors such as tooling, nature and
duration of impact forces are characterized. The characterization here
forms an important basis for quantifying safe impact forces, while
considering the collaborative task. Additional suggestions by Vemula
et al. (Vemula et al., 2018) on a risk quantifying model which integrates
constraints such as movement speed and type of manufacturing task, is

Fig. 5. Proposed framework for structuring risk assessment processes.
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aligned in this research direction.
Overall, quantifying force and power metrics and thereby estab-

lishing safe limiting values presents opportunities for verifying suffi-
ciency of embedded design safeguards discussed in the ISO 15066, in-
cluding optimizing force absorption capabilities of foam padding, or
optimizing measurement sensitivity of force (or torque) sensors (Yen
et al., 2019). This extends to optimizing force sensitivity of tactile skins
covering surface of the robot manipulator.

For safety-rated axis, risk assessment is influenced by control stra-
tegies for manipulating the robot joint angles. To assess and quantify
potential controller-related errors, formal verification methods are po-
tentially useful for verifying that the mathematical scaled model of the
robot controller is inherently safe. More precisely, a guarantee that the
controller strategies are robust and not error-prone (Webster et al.,
2015). Applicability of formal verification methods influences con-
troller-related safeguards, including programming of hand-guiding op-
erations, implementing safety-rated monitored speed, or establishing
limiting speeds and monitoring a safe, separation distance (illustrated
in Fig. 4). For establishing a safety-rated axis, there is a need for more
robust formal verification methods, to aid mapping of controller-error
instances that may lead to unsafe manipulation and hence, hazardous
contact in the shared workspace. This is potential direction of research
for collaborative robot safety assurance.

Nonetheless, quantifying a safe optimal separation distance and
assessing its risk impact is challenging in absence of a structured risk
assessment approach. This is important for optimally zoning colla-
borative workspaces. An important variable to consider here, includes
dynamic changes in the safe separation distance, especially for intense
interactive collaborative/cooperative tasks. For calculating the safe
separation speed, the ISO 15066 proposes a formula in which the speed
is estimated as a function of the operator movement speed (of 1.6 m/s),
reaction time of the robot to reach a stop when the operator enters
sensing field, and stoppage time after activation of safety-rated stop
motion.

Because the ISO 15066 premises the movement speed of the op-
erator on risk assessment, it is important to consider the operator be-
havior in the shared workspace. Here, psycho-social human factors are
mentioned as playing an important role in a collaborative environment
based on studies focusing on social robots. Studies, e.g. de Visser et al.
(de Visser et al., 2019) and Bretan et al. (Bretan et al., 2015) Webster
et.al. (de Visser et al., 2019) de Visser, Peeters (Long et al., 2018) and
Bretan, Hoffman (Polverini et al., 2017) shows how factors such as the
operator’s mental state influences interaction with a social robot, trig-
gering positive (or negative) behavioral responses such as fear or op-
erator nervousness. Such responses further influence human movement
in shared workspaces, potentially creating opportunities for hazardous
contact is shared workspaces. Addition human-related risk factors de-
scribed in ISO 15066, include stress, fatigue, or lack of concentration on
the part of the human operator when performing collaborative tasks.

Thus, to quantify and assess risks linked to human behavioral re-
sponses in shared workspaces, anticipatory cognitive/behavioral
models are potentially applicable for mapping hazardous pathways as
the operator interacts with a collaborative robot. The models allow
quantification of factors responsible for psycho-social risks, e.g. op-
erator fatigue due to high cognitive load tasks (Wong and Epps, 2016).
Fatigue, in this instance, potentially induces operator attention,
creating a pathway to hazardous contact. To map and model such
pathways, thereby more robustly assessing risks, structured tools such
as dependency network and Bayesian networks models are suggested.
Studies focusing on adaptive motion planning and cognitive behavior
are closely oriented to this direction, as discussed in (Meziane et al.,
2017; Haihua et al., 2018; Van de Merwe et al., 2019; Kanazawa et al.,
2019; Dreany et al., 2018).

Lin et al. (Lin et al., 2019) (Marvel and Falco, 2014) furthermore
reviews several anticipatory computing approaches for human beha-
vior, which could be applicable for collaborative robot systems. This

includes wearable sensory devices for collecting high-resolution data
for anticipating human behavior, based on aspects such as proximity,
movement within workspaces, among other aspects. For establishing
dynamic zones in shared collaborative workspaces, virtual reality tools
are suggested in studies, e.g. (Sánchez et al., 2018; Triputen et al.,
(ICoIAS). 2018.).

5.3. Risk evaluation: Establishing tolerable/allowable risk thresholds

The ISO 15066 specifies biomechanical limits for allowable impact
forces in different regions of the body, based on limiting pain thresh-
olds. Moreover, injury severity criteria considering maximum pressure
and force values is suggested which is useful for evaluating allowable
risk thresholds. This emphasizes the importance of quantifying impact
forces considering varying risk factor, including the task design as
discussed. This would allow a more detailed analysis and mapping of
possible contact areas of the body due to orientation of the operator to
the robot, influenced by among other variables, the nature and design
of the collaborative task.

The International Statistical Classification of Diseases (ICD-10)
considers injury to more body regions compared to regions on the body
model described in the ISO 15,066 (Organization, 2004). For instance,
injury severity is specified for several areas of the head, allowing a more
robust evaluation of risks, when impact forces and maximum pressure
limits are considered. Hence, the ICD-10 is suggested as an additional
structured matrix for establishing limiting threshold values for colla-
borative operations. Consequently, the biomechanical limits suggested
in the ISO 15066 and the ICD-10 presents a plausible basis for verifying
the sufficiency of design safeguards suggested in the ISO 15066, such as
power and force limits discussed in Section 4.

6. Conclusion

This paper reviews orientation of safety assurance safeguards for
collaborative robots to hazard and risk assessment processes. From the
review, this orientation is seemingly a challenge with design safeguards
focusing on hazards robot system designers and integrators view as
intuitive. Although a trend towards aligning requirements specified in
the ISO 15066 and ISO 10218 normative standards is discussed in
several studies in literature, a structured framework for orienting de-
sign safeguards in the normative standards, to outcomes of hazard
analysis and risk assessment is lacking. Moreover, clear guidelines on
how the hazard analysis and risk assessment may be performed is dis-
cussed in few studies in literature. Hence, it is important to evaluate
systematic frameworks for performing identifying and analyzing ha-
zards in collaborative operations, and assessing risks associated with
such hazards. A research focus on formulating structured orientation
frameworks tailored for collaborative robots is important. Moreover,
the orientation framework may yield more structured alignment, be-
tween design safeguards in collaborative work cells, to potential ha-
zards likely to arise while performing cooperative or collaborative
tasks. The orientation frameworks here would allow robot designers
and integrator to more conclusively, demonstrate safety assurance of
collaborative robots, as often required by regulators. Some directions
for future work should include the need for development or more
customizable hazard analysis and risk assessment methods for colla-
borative robots, considering among other aspects, human factors,
hardware and control related design safeguards.
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