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ARTICLE INFO ABSTRACT

Human-robot collaboration is a main technology of Industry 4.0 and is currently changing the shop floor of
manufacturing companies. Collaborative robots are innovative industrial technologies introduced to help op-
erators to perform manual activities in so called cyber-physical production systems and combine human in-
imitable abilities with smart machines strengths. Occupational health and safety criteria are of crucial im-
portance in the implementation of collaborative robotics. Therefore, it is necessary to assess the state of the art
for the design of safe and ergonomic collaborative robotic workcells. Emerging research fields beyond the state
of the art are also of special interest. To achieve this goal this paper uses a systematic literature review meth-
odology to review recent technical scientific bibliography and to identify current and future research fields. Main
research themes addressed in the recent scientific literature regarding safety and ergonomics (or human factors)
for industrial collaborative robotics were identified and categorized. The emerging research challenges and
research fields were identified and analyzed based on the development of publications over time (annual
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1. Introduction

The current evolution in industry is commonly defined through the
‘Industry 4.0” concept [1]. Human-machine interaction (HMI), in par-
ticular human-robot collaboration (HRC), is a main cyber-physical and
enabling technology of Industry 4.0 [2].

HRC is one of the so called nine key technologies according to the
widely used classification of Boston Consulting [68] together with:
additive manufacturing, augmented reality, vertical and horizontal data
integration, simulation, cyber security, industrial internet of things, big
data analytics and cloud computing.

Industrial collaborative robots are a category of robots that perform
tasks in collaboration with workers in industrial settings [3]. In other
words, collaborative robotics is introduced to help operators perform
manual activities and allows a safe physical interaction (direct or
mediated) between humans and machine systems. The final goal is to
improve production systems performance and operators work condi-
tions by matching typical machine strengths with human inimitable
skills [4]. Collaborative systems can provide many advantages but also
challenges in terms of physical human-robot interaction (HRI). In fact,
ensuring safety and ergonomics (or human factors) of operators in a
hybrid workspace during shared operations could be complex. Actually,
a collaborative system is designed for interaction with a human within a
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defined collaborative workspace where the main hazard category will
be of mechanical type. This is because it is possible to have potential
not-functional (and unwanted) contacts between the human and the
robot during the sharing of the workspace. While collaborative robots
present some inherent safety measures which allow the implementation
of safe applications, this state usually changes as soon as they are in-
tegrated into a working environment and equipped with different types
of end-effectors. For this reason, safety systems for collision avoidance
and/or contact mitigation as well as safety measures related to the
workcell design must be adequately implemented.

Ergonomics (or human factors) involves the psychophysical and
social wellbeing of operators. From a physical point of view, colla-
borative robots can facilitate a reduction of biomechanical overload by
supporting operators in heavy and repetitive tasks. On the other hand, a
close collaboration could provide psychological stress to operators. In
fact, operators’ wellbeing and performances can suffer from the un-
known robot behavior [5]. For this reason, even if cognitive ergonomics
is a very novel and often underestimated theme in the field of industrial
HRC, it is necessary to include these aspects into the design stages of
collaborative workcells.

Therefore, the aim of this paper is to investigate the current state of
the art of safety as well as ergonomics (or human factors) in colla-
borative robotics and to identify those research fields which are of a
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high importance to bring collaborative robotics from the laboratory in
the shop floor. Based on consolidated and well discussed themes in
research, this work should identify where scientists should concentrate
and focus in the near future to successfully implement collaborative
workeells in industrial companies. Thus, this paper seeks to answer the
following research questions:

RQ1: Which are the main research themes that researchers ad-
dressed in the recent scientific literature regarding safety and er-
gonomics (or human factors) for collaborative robotics in industry?
RQ2: What are the most emerging research challenges and research
fields in safe and ergonomic collaborative robotics in industry?

After an introduction of the theoretical background in Section 1,
Section 2 is describing the methodology used in this work based on a
systematic literature review (SLR) methodology to identify relevant
papers for this study. In Section 3 these papers are analyzed identifying
sub-cluster of research fields. Section 4 is dedicated to discuss the
findings from the content analysis and to provide an overview of
emerging research fields and challenges for collaborative robotics in the
context of safety and ergonomics (or human factors). Further in this
section practical implications and limitations of this study are dis-
cussed. Section 5 summarizes the findings of this work and gives a brief
outlook.

According to main results, about two third (64.2%) of analyzed
papers are related to safety and about one third (35.8%) of papers are
related to ergonomics (or human factors). This means that in the recent
period (2015-2018) researchers invested more effort in the develop-
ment of the safety aspects instead to the study of the ergonomic con-
ditions of HRI. Nevertheless, physical and cognitive ergonomics is
growing significantly in the last two years. This condition underlines
the necessity to focus future works in the alignment of safety and er-
gonomics (or human factors) research effort. According to the results
and referring to safety works, there is a higher interest in prevention
(which studies safety measures that aim to operate before potential
human-robot contacts occur) instead in protection (which studies
safety measures that aim to minimize the effects of human-robot con-
tacts after the physical interaction occur).

2. Materials and methods

We applied SLR in this study because it is based on a systematic,
method-driven and replicable approach [6]. SLR aims to search, ap-
praise, synthetize and analyze all the studies relevant for a specific field
of research [7]. According to [8], SLR is characterized by a scientific
and transparent process that aims to minimize bias through exhaustive
literature searches and by providing an audit trail of the reviewer's
procedures.

There are several studies on how to conduct a SLR (e.g. [7,9-10]). In
our research, we applied the SLR approach as suggested by [10]. Based
on this reference, we defined the following four consecutive steps for
our study:

e Step 1: Establishing the research objectives of the SLR;

e Step 2: Defining the conceptual boundaries of the research;

e Step 3: Setting out the data collection by defining the inclusion/
exclusion criteria;

e Step 4: Reporting the validation procedure and efforts.

2.1. Research objectives of the SLR

The objectives of this research were deduced from the research
questions described in the introduction. In the SLR, we want to identify
the main research themes that researchers addressed in recent scientific
literature regarding safety and ergonomics (or human factors) for col-
laborative robotics for industrial use. The following content analysis in
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this SLR will help us to understand and investigate what are the most
emerging research challenges and research fields in safe and ergonomic
collaborative robotics. In particular, we want to understand how the
results in research generated in the last years can be categorized, and
where we have to concentrate in the future to successfully implement
shared and collaborative workplaces in industry.

2.2. Conceptual boundaries

This research aims to analyze collaborative robotics. Thus, the set-
ting of the conceptual boundaries was based on the terms ‘collaborative
robotics’ and its derivations combined with terms describing its appli-
cation in an industrial environment (e.g. ‘industrial’, ‘production’,
‘manufacturing’ or ‘assembly’) and, of course, considering the terms
‘safety’ and ‘ergonomics’ or ‘human factors’ (for simplicity, we will
name this main theme only ‘ergonomics’ in the rest of the article).

2.3. Inclusion and exclusion criteria

In addition to the conceptual boundaries, several search criteria, in
terms of database, search terms and publication period need to be de-
fined. We used Scopus as electronic database for the keyword search,
which we identified as being the most relevant for publications in the
engineering and manufacturing area. A previous check of other sources
such as ISI Web of Knowledge, Science Direct and Emerald did not show
any major changes in relation to adding to the sources. Therefore, we
decided to conduct the SLR with the Scopus database as it represents
the most relevant source for our purpose.

Fig. 1 shows the applied search approach and the inclusion and
exclusion criteria in relation to the search query. In different steps we
identified relevant papers for our study. In a first step we identified the
literature of the collaborative robotics field using the following search
terms for searching in title, abstract and keywords: ‘collaborative ro-
botics’, ‘collaborative robot’, ‘cobots’, ‘human robot’, ‘human — robot’
and ‘human-robot’. In this first step all kind of subject areas and
documents were included and only works in English language were
selected. As we are interested to better understand the current state of
the art and emerging research fields, we selected the last four full years
as time span for this research (2015-2018). According to Scopus data,
the annual paper production related to this research is starting to grow
significantly from 2015, which is the starting year of the analyzed
period. As a result, we obtained 7589 papers.

In a second step we concentrated on collaborative robotics in the
industrial sector as robotic solutions e.g. in service industry or medicine
are not in the scope of our study. Therefore, in this second step the
following search terms were added through a Boolean “AND” function:
‘industry’, ‘industrial’, ‘manufacturing’, ‘assembly’ and ‘production’.
Through this filter in the second step we obtained 1372 relevant papers.
To be sure, that important search terms were not taken into account we
built a ranking of key words (Scopus keywords and author keywords)
used by the identified works. The ranking list created in this way did
not lead to the fact that further keywords had to be added to the search
term.

In a third step we wanted to concentrate our study on relevant re-
search works in engineering or computer science. Therefore, the search
was limited to ‘Journal’ as source type and ‘Article’, ‘Review’ and
‘Article in Press’ as document type to consider only high quality lit-
erature. To focus the study on areas related to the design of colla-
borative workplaces we further limited the search to the subject areas
‘Engineering’ and ‘Computer Science’. As a result we obtained 363 re-
levant papers as basis for our study. We want to mention that there may
be also industry-related publications where ergonomics is the core topic
and that are published in non-technical journals. Therefore, some re-
levant works may not be considered focusing on the abovementioned
subject areas.

In a fourth step we divided the search results in two groups, one
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Document type: All kind of documents
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Fig. 1. Search approach and inclusion/exclusion criteria.

group for works talking about safety and the other group about ergo-
nomics. Therefore, the abovementioned 363 works were further com-
bined with a Boolean “AND” function with the following search terms:
one group using the term ‘safety’ and a second group using the terms
‘ergonomics’, ‘human factors’ and ‘human-factors’. 94 of the 363 papers
are related to the first group while 24 of the 363 papers are related to
the second group. A total of 9 papers is relevant to safety and to er-
gonomics as well; therefore these 9 papers are counted in both groups.
The following procedure of validation of the search results to obtain a
final list of relevant papers for our study is described in the next
Section 3.4.

2.4. Vadlidation of the search results

The appropriateness of the identified literature references to the
aims of the study is crucial for every SLR. Often, the search results treat
the subject of the SLR study as only incidental or superficial. To ensure
the appropriateness of the search results, we applied a relatively
straightforward coding scheme which evaluated the appropriateness of
a search result using a score of 1-2 (where 2 denotes high appro-
priateness and 1 denotes low appropriateness). The screening was
carried out in two phases by three independent researchers. In the first
phase, (1° round of screening) only the title and abstract were read. In
the second phase (2° round of screening), the whole paper was

examined. We calculated an inter-rater reliability for each paper by
evaluating the difference in scoring. Where the three independent raters
came to the same conclusion, i.e., zero differences or the highest inter-
rater reliability, the papers were directly included into the analysis.
Papers where differences in the coding occurred were discussed in order
to result in 100% agreement between the three researchers.

In the first round of screening, by reading the paper title and ab-
stract, the number of papers related to safety reduced from 94 files to
71 files while for those related to ergonomics the papers reduced from
24 to 21.

In the second round of screening, by reading the whole paper, the
number of papers related to safety reduced from 81 to 46 files. The
number of papers related to ergonomics reduced from 21 to 9 papers.
According to papers content, an amount of 8 papers were moved from
safety to ergonomics, 1 paper was moved from ergonomics to safety, 4
papers were moved from safety to safety and ergonomics and 2 papers
were moved from ergonomics to safety and ergonomics. Appendix
provides details of paper encoding and final classification.

In total, we analyzed 118 papers (94 in safety plus 24 in ergonomics
minus 9 works in both categories) of which 63 were scrapped due to the
screening as described above. The following considerations and analysis
are based on the finally obtained database of papers relevant for our
study: total of 55 papers, 35 relevant only for safety, 14 relevant only
for ergonomics and 6 relevant for both safety and ergonomics.
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Fig. 2. Identification of categories, clusters and sub-clusters.

3. Content analysis of identified scientific literature on safety and
ergonomics in industrial collaborative robotics

The following analysis is based on a primary content division in
‘safety’ and ‘ergonomics’. For each main theme, a further cluster and
related sub-cluster division is provided. This classification was adopted
after carefully reading all identified works and categorizing all works.
The identified clusters represent macro-categories, which summarize
the top-level concepts discussed in the research papers. Sub-clusters
identify successive partitions of a cluster and are used to specify more
detailed subjects of the scientific literature. They also help to identify
research themes that are of interest to all, only to some or only to a
single cluster. The proposed categorization in clusters and sub-clusters
as well as the relationship of a sub-cluster with a cluster is illustrated in
Fig. 2.

‘Contact Avoidance’ as well as ‘Contact Detection and Mitigation’
were identified as cluster 1 and 2 in the category regarding works on
safety. For the works regarding ergonomics, ‘Physical Ergonomics’ as
well as ‘Cognitive and Organizational Ergonomics’ have been defined as
cluster 3 and 4. The following lower-level categorization into sub-
cluster shows three main arguments, which could be assigned to all four
identified clusters: ‘Motion Planning and Control’, ‘Simulation and
Modelling’ as well the presentation of ‘Case Studies and Applications’.
The use of ‘Assistance Systems’ is discussed in research about Contact
Avoidance (cluster 1) as well as physical and cognitive/organizational
ergonomics (clusters 3 and 4). Methods for ‘Safety Management’ in
collaborative workplaces are relevant for Contact Avoidance (cluster 1),
contact detection/mitigation (cluster 2) as well as Physical Ergonomics
(cluster 3). The development of ‘Sensor Systems for Object Tracking’ is
an important research theme to avoid or detect/mitigate contacts or
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Fig. 3. No of papers related to the main research themes for Contact Avoidance.

collisions between the robot and humans or other objects (cluster 1 and
2). A current interest in research seems to exist regarding the validation
of physical and cognitive ergonomics with recent research on ‘Metrics
and Tests’. Further Contact Avoidance (cluster 1) can be realized or
supported by using new algorithms from ‘Artificial Intelligence’. To
improve the detection and especially the mitigation of collisions
(cluster 2) current research is carried out in ‘Robot System Design’. For
Physical Ergonomics (cluster 3) current research is conducted for de-
veloping new ‘Task Scheduling Strategies’ and for advanced ‘Product
and Process Design’. Further, in cluster 4 on cognitive/organizational
ergonomics the cognitive aspects of ‘Task Scheduling Strategies’ have
also been addressed in several works.

In the following subsections we report and summarize the main
findings in the content analysis to argument the proposed categoriza-
tion in Fig. 2 and to give the reader an overview of recent research
activities and results in the shown clusters and sub-clusters.

3.1. Safety — Cluster 1: contact avoidance

The concept of Contact Avoidance is to ensure operators safety (in
terms of mechanical risk) by pre-empting dangerous contacts using
preventive methodologies and systems.

Sub-cluster ‘Motion Planning and Control’:

Pereira and Althoff [13] developed a computing volumes method
for occupancy prediction based on a dynamic path planner. Ragaglia
et al. [14] presented an algorithm for the prediction of human space
occupancy. Matsas et al. [16] proposed adaptive techniques for tra-
jectory modification. Lippi and Marino [17] developed a trajectory
modification strategy based on impedance. Heydaryan et al. [18] pre-
sented a decision making method based on hierarchical task analysis.
Meziane et al. [23] proposed a dynamic obstacle avoidance supported
by a neural network. Kimmel and Hirche [26] developed an invariance
control scheme for HRI. Zhang et al. [29] presented a safety metho-
dology based on interval Kalmann Filter technique. Zanchettin et al.
[32] proposed a control strategy based on metrics for safety evaluation.
Cherubini et al. [33] developed a safety framework based on visual
gesture monitoring. Wang [34] presented a web-based remote control
system for motion control. Ceriani et al. [37] proposed a task-consistent
avoidance based on a constraint classification strategy.

Sub-cluster ‘Simulation and Modelling’:

Savazzi et al. [28] developed a simulation toolset for the wireless
detection and localization of humans. Rengevic and Kumicakova [30]
presented a simulation of basic robot tasks by using ROS Software.

Sub-cluster ‘Case Studies and Applications’:

Spirescu et al. [24] developed a system which is reproducing safe
working conditions and implemented it in an industrial case at Dacia
Renault company.

Sub-cluster ‘Assistance Systems’: Matsas et al. [16] developed an
audio/visual cognitive aid system based on the use of Virtual Reality.

Michalos et al. [19] presented Augmented Reality technologies and
wearable devices for HRI safety improvements. Chen et al. [35] pre-
sented glove sensors and a RGB-D camera systems for gesture re-
cognition.

Sub-cluster ‘Safety Management’:

Long et al. [12] developed a mode transition methodology sup-
ported by laser scanner and based on a time-scaling method. Lippi and
Marino [17] presented a trajectory modification strategy based on
safety index. Dannapfel et al. [20] proposed an approach for concept
planning of heavy-duty HRI. Brending et al. [22] developed an In-
formation Technology (IT) driven approach for collaborative work-
places. Makris et al. [25] presented an IT approach for the simplifica-
tion of cell structure and program. Bdiwi et al. [27] proposed a safety
function strategy based on new HRI taxonomy, also including collision
avoidance levels. Shackleford et al. [31] developed a test procedure for
sensors metrics validation. Zanchettin et al. [32] presented a metrics for
safety evaluation and related control strategy. Ceriani et al. [37] pro-
posed a constraint classification strategy for task-consistent collision
avoidance.

Sub-cluster ‘Sensor Systems for Object Tracking’:

Rajnathsing and Li [11] developed a monitoring system by im-
plementing a neural network. Xia et al. [15] proposed a multi-func-
tional sensor based on a machine learning algorithm. Rengevic et al.
[21] presented a computer vision system design for object recognition.
Bdiwi et al. [27] developed a safety function strategy algorithm for
monitoring the entire workspace. Savazzi et al. [28] proposed a wireless
system for human detection and localization by using a simulation
toolset. Cherubini et al. [33] presented visual gesture monitoring for a
safety monitoring framework. Wang [34] developed a web-based re-
mote monitoring system. Chen et al. [35] proposed a gesture recogni-
tion system based on RGB-D camera and glove sensors. Ibarguren et al.
[36] presented a security framework based on multiple target tracking
algorithm.

Sub-cluster ‘Artificial Intelligence’:

Rajnathsing and Li [11] used neural networks to develop a mon-
itoring system. Xia et al. [15] proposed a machine learning algorithm
for the development of a multi-functional sensor. Meziane et al. [23]
proposed a neural network for dynamic obstacle avoidance.

Table 1 summarizes the most important research themes and con-
tents investigated in recent years in the individual sub-cluster of cluster
1 for Contact Avoidance. The words which are highlighted in bold are
the main topics of the related papers (maximum two per paper). The
others represent additional contents included in the research.

Summary:

According to the data (see Table 1 and Fig. 3), the most developed
research themes for Contact Avoidance are Motion Planning and Con-
trol, Sensor Systems for Object Tracking and Safety Management. Minor
contributions come from Simulation and Modelling, Artificial In-
telligence, Assistance Systems and case studies and applications. For
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Fig. 4. No of papers related to the main research themes for Contact Detection and Mitigation.

Motion Planning and Control main contents refer to human-motion
prediction, trajectory modification and motion control strategies. For
Sensor Systems for Object Tracking main contents refer to the devel-
opment and integration of monitoring and computer vision systems for
human localization, workspace control and gesture recognition. For
Safety Management, main topics refer to the development of procedure
and methodologies, metrics and indexes for contacts prevention man-
agement.

3.2. Safety — Cluster 2: contact detection and mitigation

The concept of Contact Detection and Mitigation is to ensure op-
erators safety (in terms of mechanical risk) through the reduction of the
collision energy which can be exchanged during unwonted or un-
expected human-robot contacts.

Sub-cluster ‘Motion Planning and Control”:

Cherubini et al. [33] developed an active and passive robot behavior
system based on intrinsic collision detection. Ren et al. [38] proposed
an algorithm for whole-body collision detection by using an extended
state observer method. Roveda et al. [40] presented a two layers dis-
crete impedance and admittance control algorithm. Dean-Leon et al.
[42] developed a multimodal control framework for an artificial robot
skin. Li et al. [43] proposed a passive and active compliance controller
for a serial integrated rotary joint. Labrecque et al. [44] presented a
control for a macro-mini under-actuated manipulator.

Sub-cluster ‘Simulation and Modelling”:

Vemula et al. [65] presented a linear spring-damper model for the
representation of the physical impact between the robot and the human
body region. Lee and Song [46] developed a joint friction and motor
current model for a sensorless detection method.

Sub-cluster ‘Case Studies and Applications’:

Scholer et al. [48] developed a new application for HRC in the
continuous assembly line.

Sub-cluster ‘Safety Management’:

Bdiwi et al. [27] developed a safety function strategy based on new
HRI taxonomy, also including a direct physical interaction level. Pang
et al. [39] proposed a safety strategy based on a 3D flexible robot skin.
Marvel et al. [49] presented a task-based methodology for the de-
scription of HRC safety.

Sub-cluster ‘Sensor Systems for Contact Management’:

Ren et al. [38] developed a collision detection method by using a
proprioceptive sensors system. Pang et al. [39] proposed a 3D flexible
robot skin. Dean-Leon et al. [42] presented an artificial robot skin
supported by a multimodal control framework. Lee and Song [46]
presented a sensorless detection method based on joint friction and
motor current model. Dagalakis et al. [47] developed a dynamic impact
testing and calibration instrument.

Sub-cluster ‘Robot System Design’:

Merckaert et al. [41] developed an error compensation method for

robot design. Li et al. [43] proposed a serial integrated rotary joint
controlled by passive and active compliance. Labrecque et al. [44]
presented a macro-mini underactuated manipulator architecture and
control. Further, Labrecque et al. [45] developed a low impedance and
high bandwidth mini mechanism. Marcan et al. [50] presented a ROS
based approach for robotic workstation design. Vemula et al. [65]
presented a novel design metric based on maximum power flux density
for the assessment of the severity of a transient physical contact.

Table 2 summarizes the most important research themes and con-
tents investigated in recent years in the individual sub-cluster of cluster
2 for Contact Detection and Mitigation. The words which are high-
lighted in bold are the main topics of the related paper (maximum two
per paper). The others represent additional content included into the
research work.

Summary:

According to the data (see Table 2 and Fig. 4), the most developed
research themes for Contact Detection and Mitigation are Motion
Planning and Control, Robot System Design and sensor systems for
contact management. Minor contributions come from Simulation and
Modelling, Safety Management and case studies and applications. For
Motion Planning and Control main contents refer to control strategies.
For Robot System Design main contents refer to the development of
robot hardware and design methodology. For sensor systems for contact
management main contents refer to the development of sensor devices
and detection methodologies.

3.3. Ergonomics — Cluster 3: physical ergonomics

Physical Ergonomics in industrial HRI deals with the principles of
reduction of activities biomechanical workload by using collaborative
robots as advanced tools for the improvement of operators physical
wellbeing.

Sub-cluster ‘Motion Planning and Control:

Heydaryan et al. [18] developed a control framework for trajectory
definition, also considering Physical Ergonomics factors. Sadrfaridpour
and Wang [54] proposed a motion control framework for the integra-
tion of HRI factors. Faber et al. [55] presented a cognitive control unit
for Physical Ergonomics conditions assessment.

Sub-cluster ‘Case Studies and Applications’:

Cherubini et al. [33] developed a state of the art collaborative cell
for the improvement of operators Physical Ergonomics.

Sub-cluster ‘Assistance Systems’:

Michalos et al. [19] developed the use of enabling technologies for a
multimodal interaction system. Tang and Webb [53] proposed a hand
gesture control system designed for the improvement of Physical Er-
gonomics conditions.

Sub-cluster ‘Safety Management’:

Sadrfaridpour and Wang [54] developed a motion control frame-
work for the integration of HRI factors.
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Fig. 5. No of papers related to the main research themes for Physical Ergonomics.

Sub-cluster ‘Metrics and Tests”:

Maurice et al. [66] presented an assessment about the human ability
to adapt to non-biological movements when physically interacting with
a robot.

Sub-cluster ‘Product and Process Design’:

Tang and Webb [53] developed a teach pendant design for the re-
duction of musculoskeletal injury.

Sub-cluster ‘Task Scheduling Strategies’:

Heydaryan et al. [18] developed a control framework based on a
decision-making method for HRC, also considering Physical Ergonomics
factors. Michalos et al. [19] proposed a multimodal interaction system
based on enabling technologies. Dannapfel et al. [20] presented a
heavy-duty HRC planning framework, also considering Physical Ergo-
nomics factors. Makris et al. [25] developed a hierarchical model-based
flexible assembly cell which also aims to improve Physical Ergonomics.
Michalos et al. [51] proposed a CAD-based multi-criteria method for
human-robot assembly task sharing, also considering Physical Ergo-
nomics factors. Pearce et al. [52] presented a strain index-based opti-
mization framework for human-robot task assignments and schedule.
Faber et al. [55] developed a graph-based assembly sequence planner
for the improvement of Physical Ergonomics conditions.

Table 3 summarizes the most important research themes and con-
tents investigated in recent years in the individual sub-cluster of cluster
3 for Physical Ergonomics. The words which are highlighted in bold are
the main topics of the related paper (maximum two per paper). The
others represent additional content included into the research work.

Summary:

According to the data (see Table 3 and Fig. 5), the most developed
research theme for Physical Ergonomics is Task Scheduling Strategy.
Minor contributions come from Motion Planning and Control and As-
sistance Systems. For Task Scheduling Strategy, the main contents refer
to human-robot task sequence assignment and planning by integrating
Physical Ergonomics aspects.

3.4. Ergonomics — Cluster 4: cognitive and organizational ergonomics

Cognitive ergonomics in industrial HRI deals with the principles of
interaction acceptability by minimizing mental stress and psychological
discomfort which could be provided to operators while sharing the
workspace with robots. On the other hand, organizational ergonomics
refers to the optimization of social technical systems in terms of orga-
nizational structures, policies and processes.

Sub-cluster ‘Motion Planning and Control’:

Long et al. [12] developed a control architecture for a better system
acceptability. Sadrfaridpour and Wang [54] proposed a framework for
finding the optimal velocity of the robot. Faber et al. [55] studied a
cognitive control unit for the improvement of cognitive ergonomics
conditions. Medina et al. [63] developed a risk-sensitive control scheme
for anticipatory haptic assistance for human effort minimization.

11

Sub-cluster ‘Simulation and Modelling’:

Matsas et al. [16] developed a virtual environment simulation for
the user acceptability evaluation by using cognitive audio-visual sup-
ports. Matsas and Vosniakos [58] presented a virtual reality simulation-
based training system for HRC acceptability test. Koppenborg et al. [59]
proposed a virtual reality based speed and path predictability test.
Hugues et al. [62] developed a virtual reality simulation for testing the
human-like robot movements’ acceptability.

Sub-cluster ‘Assistance Systems’:

Matsas et al. [16] developed cognitive audio-visual supports for user
acceptability evaluation in a virtual environment. Wang et al. [56]
proposed a natural language teaching-learning-collaboration model as
potential aid system.

Sub-cluster ‘Metrics and Tests’:

Matsas and Vosniakos [58] developed a HRC acceptability test by
using a virtual environment. Koppenborg et al. [59] presented a test for
the speed and path predictability by using virtual reality. Maurtua et al.
[60] proposed a test for workers-trust in safety measurement and the
validation of different HRI alternatives. Charalambous et al. [61] de-
veloped a human factors readiness level for HRC. Hugues et al. [62]
presented an acceptability test for human-like robot movements’ ac-
ceptability by using virtual reality. Charalambous et al. [67] presented
an organizational framework related to human factors to be considered
for a successful implementation of HRC.

Sub-cluster ‘Task Scheduling Strategies’:

Faber et al. [55] developed a graph-based assembly sequence
planner for the improvement of cognitive ergonomics conditions. Wang
et al. [56] presented a teaching-learning-collaboration model by using a
natural language methodology. Rahman and Wang [57] proposed an
optimization strategy for trust-based subtask allocation.

Table 4 summarizes the most important research themes and con-
tents investigated in recent years in the individual sub-cluster of cluster
4 for Cognitive and Organizational Ergonomics. The words which are
highlighted in bold are the main topics of the related paper (maximum
two per paper). The others represent additional content included into
the research work.

Summary:

According to the data (see Table 4 and Fig. 6), the most developed
research theme for Cognitive and Organizational Ergonomics are Me-
trics and Tests, Motion Planning and Control and Simulation and
Modelling. Minor contributions come from Assistance Systems and Task
Scheduling Strategy. For Metrics and Tests main contents refer to the
development of evaluation methodology for robot acceptability and
organizational framework for successful HRI applications implementa-
tion. For Motion Planning and Control main contents refer to control
strategies related to cognitive aspects of HRI. For Simulation and
Modelling main contents refer to the development of virtual reality
experiences for the evaluation of the cognitive aspects of HRI.
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Fig. 6. No of papers related to the main research themes for Cognitive and Organizational Ergonomics.

Table 5
Relationship of papers which are related to multiple sub-clusters.
Safety Ergonomics
Contact Avoidance Contact Detection and Physical Ergonomics  Cognitive and Organizational
Mitigation Ergonomics
Safety Contact Avoidance
Contact Detection and Mitigation [27,33]
Ergonomics Physical Ergonomics [18,-20,25,33] [33]
Cognitive and Organizational [12,16] ) [54,55]

Ergonomics

ergonomics 35.8%

safety 64.2%

Fig. 7. Percentage distribution of papers per category.

4. Discussion

In this section, we first describe and address descriptive results of
our study. In a second step we discuss the results obtained from the
content analysis to identify which of the found sub-clusters are or
contain the most emergent research themes for the future in the context
of safety and ergonomics in industrial collaborative robotics. Finally,
limitations of this study are provided and discussed.

4.1. Descriptive discussion of results
The number of papers classified for each sub-cluster (including pa-

pers classified in more sub-clusters) is the following: 27 papers for
Contact Avoidance, 16 papers for Contact Detection and Mitigation, 11

13
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30
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20

05

40
24
19
| E

Contact Avoidance

00

Contact Detection and  Physical Ergonomics
Mitigation

Cognitive and
Organizational
Ergonomics

Fig. 8. Percentage distribution of papers for each cluster.

papers for Physical Ergonomics and 13 papers for Cognitive and
Organizational Ergonomics. In total 67 papers were analyzed (including
papers classified in more sub-clusters). Among these, 12 papers are
classified in more than one sub-cluster. Table 5 shows the relationships
of papers which are related to multiple sub-clusters:

As shown in Fig. 7, 64.2% of identified papers are related to ‘safety’
and 35.8% to ‘ergonomics’. This means that in the recent period (2015-
2018) researchers invested more effort in the development of the safety
aspects instead to the study of HRI ergonomics conditions.

In particular, according to Fig. 8, 40.3% of papers are related to
‘Contact Avoidance’, 23.9% of papers are related to ‘Contact Detection
and Mitigation’, 19.4% are related to ‘Cognitive and Organizational
Ergonomics’ and 16.4% are related to ‘Physical Ergonomics’. Con-
sidering the abovementioned percentages, the results demonstrate that
the themes included in cluster 1 (Contact Avoidance) are already
widely studied and therefore known and consolidated from a research
point of view. The themes included in cluster 2 (Contact Detection and
Mitigation) are also broadly explored and well structured, even if the
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Table 6
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Data about annual paper production and growth per cluster across the time (* referring to a two year time period).

No of papers per Contact % of Contact Detection and % of Physical % of Cognitive and Organizational % of growth
year Avoidance growth Mitigation growth Ergonomics growth Ergonomics

2018 10 +42.9 6 +100 8 +300 5 0

2017 7 +16.7 3 —25.0 2 +100 5 +400

2016 6 +50 4 +33.3 1 / 1 -50

2015 4 3 0 2

Average value 6.75 +36.5 4 +36.1 2.75 +200 3.25 +116.7
Sum 27 16 11 13

2015 2016 2017 2018

u Contact Avoidance ® Contact Detection and Mitigation

Physical Ergonomics = Cognitive and Organizational Ergonomics

Fig. 9. Total annual paper production per cluster (* referring to a two year time
period).

250.0

200.0

150.0

100.0

50.0

0.0 4

2015-2018

= Contact Avoidance
Physical Ergonomics *

= Contact Detection and Mitigation
= Cognitive and Organizational Ergonomics

Fig. 10. Percentage of average annual paper production growth per cluster.

number of related papers is about the half respect to cluster 1. Cluster 3
(Physical Ergonomics) and cluster 4 (Cognitive and Organizational Er-
gonomics) are very close in terms of percentage and the relative themes
are generally less investigated than the contents included in clusters
related to safety.

Table 6 shows the data about the annual production of research
papers and analyses the growth per cluster across the time period.

According to the total annual paper production per cluster (Fig. 9)

14

and to the relative growth (Table 6 and Fig. 10), it is evident that all
main research themes are increasing (on average) during the studied
period. In particular, cluster 3 (Physical Ergonomics) presents the
highest average annual growth. This is also due to the initial absence of
papers in 2015. Cluster 1 (Contact Avoidance) presents a slow and quite
regular increase of annual production with respect to the other clusters,
even if it contains the largest value in terms of average amount of pa-
pers published per year. Cluster 4 (Cognitive and Organizational Er-
gonomics) presents a high average annual growth, even if it presents an
initial decrease of paper production in 2016. Also in this case (as for
Physical Ergonomics), the initial paper production was very limited
(only one paper in 2015 and 2016). Cluster 2 (Contact Detection and
Mitigation) presents a decrease of paper production in year 2017 and,
in general, it has the lowest yearly average growth even if it is the
second cluster in terms of average amount of published papers per year.

From the safety point of view, the high number of produced papers
and the relative slow annual growth entail a consolidated and well-
known knowledge for the cluster Contact Avoidance and Contact
Detection and Mitigation. In addition, the data evaluation shows that
the actual research tends to focus more on the prevention of unexpected
and unwanted contacts (cluster 1 main themes) rather than on the re-
duction of the collision energy exchange (cluster 2 main themes).

From the ergonomics point of view, both physical and cognitive/
organizational aspects are emerging and attractive research themes. In
the first years of the studied time period, the related themes were ad-
dressed only in few works and nearly ignored. Nowadays the paper
production is significant. In fact, the difference between the production
of papers for both categories safety and ergonomics in the last year of
the study (2018) is minimal (16 papers for safety vs. 13 papers for er-
gonomics). This result shows that the actual research interest in HRI
ergonomics leads to a balance in the production of annual papers in
both categories.

4.2. Identified emerging research fields in safety and ergonomics

Tables 7 and 8 and Figs. 11 and 12 explain the structure of clusters
and sub-clusters in terms of main research themes distribution and
annual paper production. In particular, Table 7 and Fig. 11 show the
percentage distribution of main research themes referring to clusters
and sub-clusters relationship. Table 8 and Fig. 12 explain the allocation
of main research themes in terms of annual papers production referring
to cluster and sub-cluster classification among the analyzed period.
These data will be useful for the final analysis of every sub-cluster main
research themes in order to propose a final discussion and opinion
about the results in terms of importance and development during the
time period.

According to the abovementioned data, the final discussion about
the results of each sub-clusters analysis is reported in detail in Table 10.

This table also introduces the concept of main research themes
importance, which is classified according to the distribution of works in
each sub-cluster among the main research themes. This classification is
presented by using five levels through different ‘importance class’. Each
level (and therefore each importance class) is defined through a range
of percentage value which is limited by a minimum and a maximum.
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12 m Contact Avoidance = Contact Detection and Mitigation m Physical Ergonomics m Cognitive and Organizational Ergonomics
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Motion Planning ~ Simulation and Artificial Assistance Robot System Productand  Task Scheduling Sensor Systems ~ Sensor Systems Metrics and Tests Safety Case Studies and
and Control Modelling Intelligencce Systems Design Process Design Strategy for Object for Contact Management Applications
Tracking Management

Fig. 11. Percentage of sub-cluster main themes for each cluster.
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Fig. 12. Total sub-cluster main themes for each year.
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Table 9
Main themes importance classification according to Table 7 data.

Level (i) Range of importance class Importance class
Max (i) % Min (i) %
5 12.55 10.08 Crucial theme
[max
@i-1) + 0.05%]
4 10.03 7.56 Very important
[min(i) + interval] [max theme
(i-1) + 0.05%]
3 7.51 5.04 Important theme
[min(i) + interval] [max
(i-1) + 0.05%]
2 4.99 2.52 Moderately
[min(i) + interval] [max important theme
(i-1) + 0.05%]
1 2.47 [min(i) + interval] O Irrelevant theme

These thresholds are calculated as explained in Table 9 according to a
certain interval. The calculation of the interval is the following:
Interval = = :r‘;ajjztirlpt;'ta_nz:l:lafse‘;alue = = /GS_ o =247 [Imporu[lfl]ce class]

(* = according to Table 7 — Distribution of works in each sub-
cluster among the main research themes)

The number of levels is equal to five since it is a reasonable value for
a proper distinction between different importance classes (a value
which is lower than five will provide an approximate classification, a
value higher than five will provide a too detailed classification referring
to the purpose of the analysis).

For the calculation of the Min (i) percentage, a constant value of
0.05% for each importance class is added to the previous Max (i) (ex-
cept for the first Min (i) which is equal to zero). This constant is rea-
sonable small enough to allow the definition of a new importance class
without afflicting the influence of the interval value to the level cal-
culation. Finally, Table 11 gives a general overview and comparison
about the main results.

4.3. Limitations

Following, the main limitations of the adopted SLR search approach
and the related inclusion/exclusion criteria are explained:

(a) Time period: even if the concept of industrial HRI dates back to the
nineties, collaborative robots were introduced to the market after
the beginning of the Industry 4.0 era and therefore after 2011 [1].
For a broader analysis, it could be useful to extend the review also
including the time period which starts from 2011, in order to in-
clude the earliest research trends. As in this research we focus on
the analysis of emerging research trends in the last few years we
limited the period of study to the years from 2015 to 2018. In fact,
according to Scopus data, the annual paper production related to
safety and ergonomics in HRI is starting to grow significantly from
2015, which is the starting year of the analyzed period.

(b) Document type: in order to have only high quality results, the
proposed method focused only on journal-type documents. Despite,
the inclusion of conference papers could add additional information
about recent inputs from research, since the journal publication
process is usually quite structured and therefore time-consuming.
As a consequence, it might be that in this work we did not consider
the latest research studies already published only in conference
proceedings and not yet published in high quality journal articles.
For further analysis, the papers presented in relevant conferences
should be consulted. Following, there is a list of some important
examples: Conference on Flexible Automation and Intelligent
Manufacturing (FAIM), CIRP Conference on Manufacturing Systems
(CMS), International Conference on Human-robot Interaction
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(HRI), International Conference on Robot and Human Interactive
Communication (RO-MAN).

(c) Subject area: the main selected subject areas in this study are
‘Engineering’ and ‘Computer Science’ as we focus on the latest re-
search trends in the field of industrial applications of HRC.
Nevertheless, it is possible to enlarge the review by adding other
research areas such as Medicine or Mathematics. This might im-
prove the number of results, even if the percentage of pertinent
themes would probably be rather restricted. In addition, since some
relevant industry-related publications about ergonomics and
human factors are published in non-technical journals, we want to
mention that these works may not be considered into this SLR.

(d) SMEs factor: collaborative robotics could be particularly helpful
for small and medium-sized enterprises (SMEs). For this reason,
future reviews could include the term SMEs as a search keyword in
the initial search workflow. After a first trial we identified only very
few works in the database Scopus for the time period 2015-2018
without setting any further exclusion criteria like subject area or
document type. Therefore, we decided to not limit our study only to
works related to SMEs, also because very often general works are
applicable in both large companies and SMEs.

(e) Categorization: based on the research question and the content
analysis, the research team identified two main categories (safety
and ergonomics), four clusters (Contact Avoidance, Contact
Detection and Mitigation, Physical Ergonomics and cognitive/or-
ganization ergonomics) and 11 sub-clusters (see also Fig. 2). This
categorization and the following identification of the main research
themes in recent literature have been defined by a research team
consisting of three researchers in order to obtain and present a si-
tuation that is as objective as possible. There is the possibility that
other researchers might define the categorization in a slightly
modified way then used in this work.

4.4. Future developments and open issues

Following, a proposal for future research developments is presented
by considering the most important and promising research themes
identified in Tables 10 and 11 for every cluster.

4.4.1. Safety

The role of safety in HRI should be to protect the operators from the
consequences of unexpected and unwanted collisions between human
body parts and robot systems and/or workspaces elements by main-
taining proper performance of production systems at the same time
(Table 12).

Contact avoidance: the most important and promising research
themes for Contact Avoidance are Motion Planning and Control (crucial
theme), Sensor Systems for Object Tracking (very important theme) and
Safety Management (very important theme). In general, this result
confirms the general trend to develop safety systems which focus even
more on the safeguard of operators by adopting prevention techniques.
For this reason, a proper and coordinated integration between the de-
velopment of vision systems, robot control and trajectory planning
methodologies will be essential. The Safety Management part will be
very important to support the application and the evaluation of the
proposed safety measures. These aspects are fundamental for a better
prediction of collisions and therefore for the minimization of the
probability of occurrence.

Contact detection and mitigation: the most important and pro-
mising research themes for Contact Detection and Mitigation are
Motion Planning and Control (important theme), Robot System Design
(important theme) and sensor system for contact management (im-
portant theme). Also in this case, there is a natural correlation between
the development of these research themes. Actually, in order to im-
prove the safety measures based on protection techniques, there is the
need to work jointly on the development of the features related to the
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Table 10
Final classification of sub-cluster relevance according to the distribution of works in each sub-cluster among the main research themes and to the distribution of

works in each sub-cluster among the analyzed period.

Sub-cluster Main themes importance Development during the time period

bt 4 ekl

e Uit wd L

=Pl Lsnin

g e g i |
e T™

Motion Planning

and Control Contact Avoidance Crucial theme (12.4%)
Contact Detection and o e e a0 P o
Mitigation Important theme (6.2%) Rapid and continuous increase during all the period.
Physical Ereonomics Moderately important Veryéligh amount of papers produced during the time
¥ & theme (3.1%) period.
8:%;?;;2121 Moderately important
& theme (4.1%)

Ergonomics

Final judgment: widespread, interesting and extensively discussed theme especially for Contact Avoidance and
Contact Detection and Mitigation clusters.

Vst Bt i

Madroan [—

wapartan

e ]

e

Simulation and

Modelling
Contact Avoidance I\l/lloderatel}ll) important o e 0 i
theme (3.1%) No papers produced in 2015. After 2016, slow decrease

Contact Detection and Irrel h 2 1% and flat trend during the rest of the period. Fair amount
Mitigation rrelevant theme (2.1%) of papers produced during the time period.
Physical Ergonomics Irrelevant theme (0%)

gsg:;tilz\;eﬁiﬁi] Moderately important

gamzat theme (4.1%)
Ergonomics

(continued on next page)
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Table 10 (continued)
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Final judgment: recent and quite consolidated theme especially for Contact Avoidance and Cognitive and
Organizational Ergonomics

Artificial
Intelligence

Contact Avoidance

Contact Detection and
Mitigation

Physical Ergonomics

Cognitive and
Organizational
Ergonomics

Final judgment: emerging, recent, not yet consolidated and uncertain theme exclusively for Contact Avoidance

[T -

Pl g

Moderately important
theme (3.1%)

Irrelevant theme (0%)

Irrelevant theme (0%)

Irrelevant theme (0%)

L (v Vg

No papers produced until 2017 — moderate increase
during the rest of the period. Very low amount of
papers produced during the time period.

Assistance
Systems

Contact Avoidance

Contact Detection and
Mitigation

Physical Ergonomics

Cognitive and
Organizational
Ergonomics

o e

e bumore:

Rl il e
g

Moderately important
theme (3.1%)

Irrelevant theme (0%)

Irrelevant theme (2.1%)

Irrelevant theme (2.1%)

# Gt Dot b 1 MP i

19

e ™

it s

Only one paper produced in 2015 — six papers

produced in 2018 (high increase) — no papers produced

in the meantime. Fair amount of papers produced

during the time period.

(continued on next page)
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Table 10 (continued)

Final judgment: emerging and promising theme especially for Contact Avoidance

o oAty
e b s A
= il g sisas

[T p—rw—
P

Robot System

Design Contact Avoidance Irrelevant theme (0%) "
ﬁ??ait. Detection and Important theme (6.2%) e . = - e e h

thgation Constant and flat trend during the time period Very low

Physical Ergonomics Irrelevant theme (0%) amount of papers produced during the time period.
Cognitive and
Orgamzat.lonal Trrelevant theme (0%)
Ergonomics

Final judgment: quite consolidated and moderately developed theme exclusively for Contact Detection and Mitigation

W by

L R |

= Firvical Egmmemes

= Coparrry wel {gmsmioos|
g

Product and
Process Design

Contact Avoidance Trrelevant theme (0%)
. - -
C911'tact' Detection and Trrelevant theme (0%) Wi Wle " WiE
Mitigation . ..
Only one paper was produced in 2018. Minimum
Physical Ergonomics Irrelevant theme (1.0%) amount of paper produced during the time period.

Cognitive and
Organizational Irrelevant theme (0%)
Ergonomics

Final judgment: emerging, very recent, not yet consolidated and uncertain theme

(continued on next page)
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Table 10 (continued)
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Task Scheduling
Strategy

Contact Avoidance

Contact Detection and
Mitigation

Physical Ergonomics
Cognitive and

Organizational
Ergonomics

Final judgment: emerging, recent and promising theme especially for Physical Ergonomics

i Aok

(IS F—

[h———

Irrelevant theme (0%)
Trrelevant theme (0%)

Important theme (7.2%)

Irrelevant theme (2.1%)

e D s e g i

YRR P ———

-
RITES a6

=

Rapid and continuous increase during 2017/2018

period — no papers produced in the 2015/2016 period.

High amount of papers produced during the time

period.

Sensor Systems
for Object
Tacking

Contact Avoidance

Contact Detection and
Mitigation

Physical Ergonomics
Cognitive and

Organizational
Ergonomics

S Aok

[ T E—

Very important theme
(9.3%)

Trrelevant theme (0%)

Trrelevant theme (0%)

Trrelevant theme (0%)

o s Dvens mom md Vi mam

B g U bkt |
[EN—

2 mi&

Slow decrease and flat trend during the rest of the
period after 2015. High amount of papers produced

during the time period.

Final judgment: consolidated and mature theme exclusively for Contact Avoidance
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Table 10 (continued)
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STm ke
o s Dt sl g
#Fans ipomana

0 e ol 0 e stend
[—

Sensor Systems
for Contact

Management Contact Avoidance Irrelevant theme (0%)
Contact Detection and o
Mitigation Important theme ( 5.2%)

Physical Ergonomics Irrelevant theme (0%)

Cognitive and
Organizational

. Irrelevant theme (0%)
Ergonomics

Irregular and fluctuating trend during the time period —
no papers produced in 2015 and 2017. Fair amount of
papers produced during the time period.

Final judgment: irregular, high potential and uncertain theme exclusively for Contact Detection and Mitigation

B opanat Amdarae
St Therrrem mod Mgy
i Brresl Erpoee s

J T —
[——

Metrics and
Tests

Contact Avoidance Irrelevant theme (0%)

Co_n.tact‘ Detection and Trrelevant theme (0%)
Mitigation

Physical Ergonomics Irrelevant theme (1.0%)

Cognitive and
Organizational

0,
Ergonomics Important theme (6.2%)

o ’ ] 1) ’ b op 11 ]
Irregular trend during the time period characterized by
a peak of paper production in 2017. Notable amount of
papers produced during the time period,

Final judgment: irregular and uncertain theme especially for Cognitive and Organizational Ergonomics
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(continued on next page)
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Table 10 (continued)
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O ATcauan

O s B Vg
L1 STPRTY FYTe
WorrAnpaiieel "
Safety
Management Contact Avoidance Very important theme
(9.3%)
Contact Detection and Moderately important

Mitigation theme (3.1%)

Physical Ergonomics Irrelevant theme (1.0%)

Cognitive and
Organizational

. Irrelevant theme (0%)
Ergonomics

T 06 Wit oL 1)

Slow and continuous increase during 2017/2018 period
— constant trend during 2015/2016 period. High amount
of papers produced during the time period.

Final judgment: widespread, interesting and discussed theme especially for Contact Avoidance and Contact Detection

and Mitigation

O ATcatsas

L STRIV] YR

Case Studies and
Applications

Contact Avoidance Irrelevant theme (1.0%)

Co_n_tact_ Detection and Irrelevant theme (1.0%)
Mitigation

Physical Ergonomics Irrelevant theme (1.0%)

Cognitive and
Organizational

. Trrelevant theme (0%)
Ergonomics

87 e D s e d A B

300 8 s b1 e

Constant trend during 2015-2017 period. No papers
produced in 2018. Very low amount of papers
produced during the time period.

Final judgment: not yet widely considered and uncertain theme (in general, it is difficult to present high-quality
research studies which mainly focus only on the description of a case study)

robot hardware, the sensor systems for the contact detection and ela-
boration as well as on the trajectory planning and robot control. These
aspects are fundamental for a better management of collision and
therefore for the minimization of the related effects.

4.4.2. Ergonomics

The role of ergonomics in HRI should be to support humans in the
reduction of work-related biomechanical and cognitive overload
without introducing new hazards for the health and safety of the op-
erators (e.g. work-related stress which potentially could arise from the
interaction with the robot systems).

Physical Ergonomics: the most important and promising research
themes for Physical Ergonomics are Task Scheduling (important theme)
and Motion Planning and Control (moderately important theme). In
general, these results strengthen the concept of human-centered
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workspaces supported by smart automation systems. In particular, fu-
ture research should focus on the development of adaptive and real-
time Task Scheduling and Motion Planning and Control methodologies.
These should allow a reduction of physical workload by changing the
work cycle and the robot systems performance according to the op-
erators physical conditions (e.g. individual anthropometric features,
age, gender, dominant limb, particular physical limitations or dis-
abilities, fatigue etc.). This condition is a perfect example of im-
plementation of sustainable production systems. In fact, it should im-
prove the operators’ wellbeing as well as the possibility to include
elderly workforce or personnel with temporal or permanent disability.
Of course, this means to provide to the production system a substantial
amount of (real-time) personal data about the operators’ psychophy-
sical conditions.

Cognitive ergonomics: the most important and promising research
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Table 11

Summary about the level of importance of the research themes for each cluster and sub-cluster.

Case Studies
and

Metrics and ~ Safety

Tests

Sensor Systems
for Contact

Sensor

Product and  Task
Process

Robot

Assistance
Systems

Simulation and  Artificial
Modelling

Motion

Sub-clusters

Management

Systems for
Object

Scheduling
Strategy

System

Intelligencce

Planning and

Control

Applications

Management

Design

Design

Tracking

Irrelevant
theme

Very important

theme

Irrelevant
theme

Irrelevant theme

Very

Irrelevant
theme

Irrelevant
theme

Irrelevant
theme

Moderately
important

theme

Moderately
important
theme

Moderately
important

theme

Crucial theme

Contact Avoidance

important
theme

Irrelevant

theme

Moderately
important
theme

Irrelevant

theme

Important theme

Irrelevant
theme

Irrelevant
theme

Irrelevant
theme

Important

theme

Irrelevant

Irrelevant Irrelevant
theme theme

theme

Important
theme

Contact Detection and

Mitigation

Irrelevant

theme

Irrelevant
theme

Irrelevant
theme

Irrelevant theme

Irrelevant
theme

Important
theme

Irrelevant
theme

Irrelevant
theme

Irrelevant

theme

Irrelevant
theme

Irrelevant

theme

Moderately
important
theme

Physical Ergonomics

Irrelevant

theme

Irrelevant
theme

Important
theme

Irrelevant theme

Irrelevant
theme

Irrelevant
theme

Irrelevant

theme

Irrelevant

theme

Irrelevant
theme

Irrelevant
theme

Moderately
important

theme

Moderately
important
theme

Cognitive and

Organizational
Ergonomics
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themes for cognitive ergonomics are Metrics and Tests (important
theme), Motion Planning and Control (moderately important theme)
and Simulation and Modelling (moderately important theme). In gen-
eral, the cognitive part should also focus on the minimization of work-
related psychosocial risks which could potentially arise from the
sharing of activities and workspaces. Another important part will be the
acceptability of the robot systems by the human coworkers. In fact, a
more or less closed interaction produces several advantages but also
introduces new forms of discomfort for the operators at the same time.
In this context and according to the results, it could be important to
provide methodologies for collaborative systems evaluation and tests.
This could be crucial for the identification and mitigation of potential
sources of psychosocial risks. In addition, the design of the main fea-
tures and performance related to collaborative systems (including the
robot motion and control) should consider these aspects. Simulations
and model will be very important to support and validate the choices.

5. Conclusions

According to the aims of this work, the emerging research chal-
lenges and research fields about safety and ergonomics in industrial
collaborative robotics were identified and analyzed based on the de-
velopment of publications over time (annual growth). The main lim-
itations and critical issues of the adopted search approach are provided
and explained by proposing some useful suggestions for future in-
vestigations or reviews. First of all, the results show that there is some
vagueness and uncertainty in the definition of safety or ergonomics in
the research world. In fact, there are different works which were in-
itially founded by using a specific keyword (safety or ergonomics or
human factors), even if the real content of related papers deals with the
other topics.

The results show that the most developed research category is
safety, even if ergonomics has been growing significantly in the last two
years (especially the cognitive and organizational part). In particular,
results show that the majority of high-level (of importance) themes are
more related to safety aspects instead of ergonomics. Referring to safety
works, there is a higher interest in prevention (which studies safety
measures that aim to operate before potential human-robot contacts
occur) than in protection (which studies safety measures that aim to
minimize the effects of human-robot contacts after the physical inter-
action occurs). Collision avoidance is the largest cluster characterized
by a slow, but constant, paper production rate. Nevertheless, even if
ergonomics presented the highest paper production in the last years, the
related themes are considered emerging but not yet mature In addition,
there is a disequilibrium between the current development of safety
(especially for collision avoidance) and ergonomics (both physical,
cognitive and organizational), which means that the former aspects
may have a greater potential for further developments than the latter in
the near future. Taking into account that the industrial collaborative
robot market is continuously growing [64], near future collision
avoidance systems might allow a general improvement of robots per-
formance while maintaining proper levels of safety. This scenario could
generate collaborative production systems where operators are sup-
posed to work even closer to high performance and safe robots. On the
other hand, this situation could harm the psychological part of the
collaboration and, as a consequence, the efficiency of the production
system. The reason is that humans might not trust and accept advanced
robotic systems without likewise ergonomics developments in terms of
cognitive and organizational knowledge and support.

In other words, in the near future it will be necessary to catalyze the
research effort in the balancing of the developments of different re-
search areas related to HRI. This will be necessary to create genuine and
human-oriented potentials and not technological barriers. For these
reasons, future developments should focus on the alignment of HRI
safety and ergonomics research themes, especially in terms of sustain-
ability, operator well-being and related human-centered design, social



Robotics and Computer Integrated Manufacturing 67 (2021) 101998

L. Gualtieri, et al.

(98pd 1x2u UO panunU0I)

Burusaids

suonjedrjdde pue

JO pUNOI g - JUBAS[AI JON AVS 8102 S9DBJISIUI IANINMUI ‘AJ9JeS :SSUMIas [eLISNPUI UT UOTIBIOGR[[0D J0qOI-UBWNY U0 A9AING *D IYIIDS i 1B “J TUId “A TUR[[IA
Burusaios
JO punoI T - JUBAS[AI JON AVS 8102 swa)sAs [ea1sAyd-19q4d d110q0I JATIBIOQR[[0D [RLIISNPUL JOJ YIOMIUIR]) A)LINJaS ‘[ Youued “@-") UQOY], “Z UIeIyD “H'Z ueyy “d PSU 'V pIey]
°S SID[RIN 'V noma[iseaedeq ‘Y suredpy “S seynoy
AVS JuRAd[OY AVS 8102 Apnis ased dATIOUIOINE UY — A[QUISSSE DAIIRIOQE[[0D J0qOI UBWNY SSI[UIEDS ) se[now( D SOPUINOYY “q stuuerdere) “N ISNOY “H SO[RYIIA
AVS JuRAS[RY AVS 8102 yoeoidde Zurfess £103109(e1) € :SOLTRUIDS SANBIOQRI[0D J0qOI NNUW-URWNY UT A19Jes 'y ourreN “IN 1ddry
Ansnpur saapowoine
9y 9[qnoq AVS 810 oyl ul ssadoxd A[quiasse uomeIoqe[[od joqoi-ueumy e jo juowdo[ossp pue udisop A1ajes 'D 1predurpg “'s'r e[opag 'S ueArepAoH
Anisnpur aapjowone
DYH/AVS JuRAR[RY O¥d 810Z oy} ul ssadoid A[quiasse uoneIoqe[[od joqoi-uewny e jo juawdo[aaap pue ulisop A1eJes ‘D 1p1edureg “S'r e[jopag 'S ueArepAoH
Buruaards UONRIAUSD UONON dulL]-[edy dooT-a)
JO punoI g - JUBAS[AI JON AVS 8102 -ur-uewmy pazieiausn rewndQ :J 11ed UONBIOQR[[0D J0qOI-URWINH JUSIDLJH pue 9jes ‘H UUBWIBYDSY Y JRYISITOM
BuruaaIds UOTIBNPOW SSIUHNS
JO pUnoI 7 - JUBAS[AI JON AVS 8102 awn-[eal uo paseq poyraw Suryoea) dool-ay-ul-uewny Aq UONN[Os A[qUIasse d110qoY [ Iqeg “L M1dd T [PUIRd
Anreas remaia Sursn urmioeynueur
DYA/AVS JuRAS[RY AVS 810T Ul UoTeIOge[[0d Joqoi-Uewny Joj sanbruyda) aandepe pue aanoeoid Surdfjojoid @ seneg “D-'D SONBIUSOA “H SESIBN
Buruaaids
JO punoI T - JUBAS[AI JON AVS 810 swuswdolaad( [erusnpu] jo Surysiulg J0L21u] 10§ 1040y Sunureq aaneadoo) v :10qodid W-T Uy g I'T “H Ipesy
AVS JURAS[OY AVS 8102 90UBPIOAY UOISI[[0D) I0j UOTIPaId AduednodQ wiry ueumy aanewrxoidde 10AQ N JOoyIY Y eIRIS]
$395590014 SurmioRNUeRy
oud JuRAS[RY oyd 8102 ojur s10qoy daneioqe[jon Suneidaquy ur sorwouodry pue uedsaye Surziundo “d uImpey “r yeys “g npn “IA 9d1esd
Burusaios suondrssp yiom
JO puUNOI 7 - JUBAS[AI JON DYd 8I0C  PozZIpIepue)s UO paseq [00) Uoneuils e Suisn uonedore ysel joqoi-uewny Surzrundo ) Iouadap “y zuny “J, 181zueg
Surumjoeynuewr ur A[quiasse 1ySomiy3i|
Ykt JueAI[RY AVS 8102 9[qIX3[J UI UOIILIOQE[[0D 10qOI—-URWINY JOJ UONEJO[[E YSBIqNS paseq-1sni) [enn ‘A Suep NS uewIyRy
AVS JuRAS[OY AVS 8102 s10qoy a[qeordaq Afpidey 1oy serdojourda], o110qoy Jo uoneidayuy 0 SuayD T Aouelq “J IouSIog ) OIRUry-ZOITWIRY 3 UOIT-UBd
onel ssew o) peojAed g 1y310qIopuep
AVS JuRAd[OY AVS 8102 pasoxduur 10§ urre joqox ojendiuewr juswamsesdw pue Surdired peoy juspuadapuy ¥ WeH UeA “T UIDRA [d “N SUSRLIPY “'V I1og o ) MIBydIdA
BuruaaIds sy, ur Suruued YIImM UOTdIPaId V[ yeys g
JO puUNoI g - JUBAS[AI JON AVS 810 uonop ueumy Suneidaiuy :A[qUIISSY dATIBIOQR[[0D 10 JUBISISSY 110qOY dIeMY-UBWINY  [WR( ‘T NBIdIR “[-"d reyng “'Q II[[0IAL, “y'd BIOSET “A’A Ieq[Pyun
AVS JuRAd[OY AVS 8102 Syse, uondeIa)u] ul joxuo) joeduwr jewndQ 10j UOHBINULIO SUILL-919ISIQ T TIRSO, N I00BUUR] T BPIAOY
AVS JURAI[OY AVS 8102 UOTIBIOQE[[0D J0OI-UBWNY [BINJEU pUE 3Jes J0J UIs 10qoI J[qIxa[j Jo Juswdo[aaaq p Suex “z Sueq “r Sueyz g Suep “r Susq “H Sueq
Burusards
JO puUnoI 7 - JUBAS[AI JON D¥Yd 8102 Burepour [e19[a¥so[NIsSNW JUISN UOII[ANSOXd PuRY B JO UONBPITeA-USISAQ ‘g ULIR]y “d SOAd( ") INOSURIAl USg “*J UI[2SSOD D UIsUeH
Burusaios wry
JO pUNOI g - JUBAS[AI JON AVS 8I0C  d10qoy 1JoS pased-dLiqe; JOJ-OM] e jo uonejuswadwy pue ‘uonjezieiderey) ‘udsaq ‘H-"D MOJX “)'D myD “r onn “x ung “H Suoay) “x Suery
Buruaards uoneIOqe[[0d 10qoI-Ueuny
JO punoI T - JUBAS[AI JON AVS 8102 9IEME-1X9]U0D dATIdIpaId Joj uonud0da1 uonow uewny paseq-Surures] doaq X oen 7 Suepy “H nr1 “°d Suem
I9AI95q0
AvS JuRAI[OY AVS 8102 9)e)S PIpULIXa UO paseq sioje[ndiueur 10qol I0j UONEIYNUSPI PUE UOLISP UOISI[0D M uay) “@ nM “X Suoq “[L uey
uonoeISIU] 10qOoI-UBWNH
Y ic JuRAd[OY AVS 8102 J10J YIomaures pajeidaju] uy :s[o) SurLmioenuey pLIqAH Ul A[QUISSSY dATIBIOQR[[0D) ‘A Suep “g modprrejipes
Burusaros Burmjdejnuewr jo axmny 9y} Surdeys sI UONBIOGR[[0D J0OI-UBWNY MO
JO punoI T - JUBAS[AI JON AVS 810  SsSnasIp s1opes] Ansnpul (A11anonpoid aoejdyiom 1oj dn wea) surydew pue UeA :$10q0D D [YPM M [[eqdured
BuruaaIds SJUSUIUOIIAUS PIINIINIIS-TWIDS PUE YsIey
JO punoI T - JUBAS[AI JON AVS 8102 ur uonendiueura[a) pue uonddsur d1)0qOI J0J SINIIANIYDIE JRNPOW Y :QYNV.LNYAD 'Y IS “IN 91194 “IN 0mseD I
Buruaards uoneIoqe[jod 10qoi-Uewny
JO punOoI g - JUBAS[AI JON O¥d 8T0Z Ul SUIpeo[I9AQ JUIO[ DTIR)S UBWINY JO UOTIUSARIJ 9] JOJ 2dURISISSY 10qoy Alojedpnuy 'y 1uepnofy “N spjereSes], 7 [9uIa3ad “r 99T “M WD
DYHA/AVS JueAI[RY AVS 8102 90URISIX20D 10qOI-URWINY J0J WIISAS AJLMDIS [ernsnpur uy 'V UL “q Je[qey) “H oneard[easy) “d Suog
UOTIBIOQR[[0D
VS JuRAJ[OY AVS 810T 30qoi-uewny 9deds-}I0M PaIeys Ul A19Jes 10j WolsAs SULIONUOW PIseq YI0MISU [RINSU D 1T “H Sursyleuley
Y i JueAI[RY o9gd 8102 syse) pareys joqo1 uewny Suruuerd 10 poyjawr v ‘D SLINO[OSSAIYD “°S SINye]y ““r somodololfids “o sofeydIN
piomAay
UONIBDYISSE[D [eul] duBAd[RY 1sef sndodg  Ie9)x APIL s1o0yINy

*(sorwouo31y pue A19Jes = HYHA/AVS ‘sorwouodrg

= DYY ‘A1_JeS = gVS) $ dois ur uonedyissed [euy pue Surssadord ‘Surpoous siaded jo uondrsaq

CL 9lqeL

25



Robotics and Computer Integrated Manufacturing 67 (2021) 101998

L. Gualtieri, et al.

(98pd 1x2u UO panunuU0I)

J[y a1qnod AVS  L10T 90143 YPrqPI] 92104 B SUIS)) UONBIOQE[[0D J0qOI-URWNH JO UOTIR[NWIS SA[IRIIU] [ JRIR “I, MeuejAls ‘N pismoiquioq
Burusards
JO puUNOI g - JUBAS[AI JON o¥d  £102 901A9( YOBqPID] 92104 B SUIS() UOIIRIOGE[[0) J0qOI-UBWNH JO UONB[NUIS dATIRISIU] ‘[ 391194 1 YeueRjalS M ISMOIqUIOQ
Burusaios
JO pUnoI T - JUBAI[I JON AVS  L10T Apms ased [eas e :pur] uondnpoxd padeys- e ur J0qoI IANEIOCE[0d & JO uoneISduL *H ouedg “D odsai) “y'r eiqeg-andex “y auns “J ePlIA-[ID
walsAs YIAVAS
VS JuRAd[OY AVS L10T :JUSWUOIIAUSD dIWeuAp UT sanIAnoe uononpoid SuLreys S[Iym UoneIoqe[jod 10qoi—Uewny H 1prezzg “q-"r'INl SN0 Y SUBIZO
9[y a1qnod AVS  L10T yoeoirdde uoniugod popusIxad YIM NIOM A[qUISSSE UB UO UOIIRIOGR[[0d 10qOI—URWNE] ‘L Znpuny “z [punisn
Buruaards
JO pUNOI g - JUBAS[AI JON oy 4102 yoeordde uonugod papusixs YIIM NIOM A[QUISSSE U UO UOIIRIOGR[[0d J0qOI-URWNH ‘1 ZNpuny “z [ounsn
Y ke JURAI[OY AVS  L10T 1snI) pue uonoeIaul ‘A1oyes :suonedrdde Ternsnpur ur UONEIOGE[[0d J0qOI-URTUNE g e11a1§ ‘T 13a119dsng “r [ep[ny v uaimsreq “T emumep
AVS JueAd[RY AVS  L10T yoeoirdde pajeidajur ue ur uoneradood ajes s10qoy — uewWNY D eapeq “y nsaunuelsuo) “s npmum( <N nosaaids
oyd JuRAd[OY AVS 4102 uoneIoqe[od Joqoi-uewmny ur Afiqedipaid pue paads JUSUIDAOW JO SIIYH ‘A 9[eNH “V [PySunT “g 19qeN “d [PYIIN “IN S1oquaddoy
'S SHOI[BATY ) SIPLIARID “N SOJ23S X NOI310931Z3RYD)
DYA/AVS JueAd[RY AVS  L10T A[quuasse 9[qIxa[y 10y suewny y3m uoneradood ur Joqo1 uLre [eng “y sojeseuely “'S-'y SIYEIRUIRIA “°d IYONOIes], “°S SIIEA
Burusaids
JO pUNOI g - JUBAS[AI JON AVS  L10T soedsyIom 10qo1 ) UT suewmy SundARQq g @ndog
sy[se) Sunmjoenuewr
oud JURAJ[OY AVS  L10T Ul UO[BIOQe[[0d 10qoi—Uewny 10j wa)sAs Sururer} L)ifear [eniiia e jo udisoq *D-"D SONRIUSOA “J SESIBIAl
VS JuRAd[OY AVS £10g oduerdwod £39jes yim jurof A1ejox pajerdajul [eLiss joqor jo uonejuswadur pue uSisaq *1-'7 Sueny “O-'S IT “r IT “S I'T
Burusards sj0qox
JO punoI T - JUBAI[I JON AVS  L10T d[qeream 0} 3urmioejnuew woyj :Syudwdo[PAdp POYIoU Is3) pIepue)s ANSNpur-sso1) ‘S NOJNOJ ““J BUISSIIN ““Y URWI[ISOg
s[[eo Ajquiasse Surzrundo-j[as Ul UONBIOGE[[0d 10qOI—-URUINy
)i JuRAS[RY oud  L10Z aanonpoid pue drwouodis 105 Suruue(d souanbas A[quiasse padueyuL-uONIUZ0) N YIITYDS Y SUSMDI “IN Toqed
SJUSUIUOIIAUF ‘(@ UURULIDWIWIZ
AvS JueAd[RY AVS L10T uononpoid [eLnsnpuj ul Uoneroqe[[od 10qoy UeWNH 10 9IN1INIYIIY 91eMIJOS S[qRYLIDD “d 8uisoz [ nsmopoids “r yauued “N omeT 'S Surpuaig
uoneIoqejod 3dedsyIom pareys J0qOI-UBWNY dYI UTYIIM
VS JuRAS[RY AVS 4102 uoniudodar s3199(qo jo sasodind uo [esodoid wa)sAs uoisia 1eIndwod ay) 03 saydeoiddy *d [91Zpzo1 ““A Uoe[L, “'T oLNY ‘' eAOYEIIWNY Y J1Ad3USY
Buruaards Burmjoenuew s[18e 10q0D-INIOM
JO punoI T - JUBAS[AI JON AVS 4102 ur 3uruoseal pue uonejuasaidar a8paymouy d[qeus o3 yoeoidde paseq-£3ojojuo uy g ueqin “Y'y yIpes
Burusards
JO pUNOI g - JUBAI[I JON AVS  L10T SIOSUDS UOISIA AQ USALIP UOTIRIOQR[[0D J0QOI-UBRWINY I0J JDUBPIOAR UOISI[[0D JATIDY 1 uep g IPIUIYDS Y pauIwreyoy
Burusards SISOUIUAS I9[[ONUOD PUB SISATRUY
JO puUNOI g - JUBAS[AI JON AVS  L10T A1qeIs :uoneIIqeysy d10qoId[a], erareig aAlsseduoN 1oy yoeoiddy uren-[rews y ‘A [9Yed “D°[ UIYsSN[od “J’'S Iezysery
Burusards ‘[ MBT “Q Iy “T MO “r ydjoy “q uoiaue)
JO punox T - JUBAI[2I JON VS L10T 30401 9ANRIOQR[[0D BMII YF'T VN Y3 10§ IdV PareISour-Sod vV “] ayrejuOWIY ) ZOPURUISH-ZOURIRIN “IN'[ UV S WeIeoN
$10qo1 Ternsnpur
VS JuRAR[RY AVS 4102 1M UOTIORISIUI JO S[AAJ] snoLrea SuLmp A3ojes uewny SuLnsua 1oj A3a1ens mau y v 3urzims “IA 19J19)d “IN 1MIpg
Py kc JuRAd[RY o¥d  810C uondeIU] [eIISAYJ 10qOI-URWNH JTWIT SUId)IR] 2INJAIND-AID0[OA ‘@ pewrdls “N ueSoH “H'IN Joqny “d SdLMe
uonerado 9ATIBIOQR[[0D PAITWI[-9D10]
VS JuRAI[OY AVS 810Z pue -1omod 1o 3[qeyms udIsap 10qoI [RLISNPUT JO JUSUISSISSE AJajes 10§ dlnour uSIsap v 'Y pewryy ‘g SeIyie g eNUDA
Burusaids
JO pUNOI g - JUBAS[AI JON oyd 8102 Burpjow UOIdA[UT JIRWS JOJ WIISAS UOISIA SUIYIRW UO paseq uondadsur [ensip 3 n&Y “A°X Nery
VS JURAI[OY AVS 8I0Z sonoqoy rernsnpuy ur £3ajes pasoxdui] spremo], uondalaq ANwrxoid aanmoeden sapo-111, g Tukaryeq 4 1dured g erx
sjusuwRINseaw I0suds yidop
VS JuRAd[OY AVS 8102 ordnnur uo paseq UONELIOGE[[OD JOOI-UBWNY dJes J0J wWiiLIod[e uoneiauasd A10309fe1], *d 0200y “IN'Y umiayduez “|A erSedey
Burusaios
JO punoI T - JUBAI[I JON AVS 810C JuJ J0q0Y O[[oH JB I9punojod pue OFD ‘I9SuISpy UOIRY I MIIAIUI Asueld Sy, r Aysuerq
$10q0Y Ternsnpup
oyd JuRAd[OY oyd  810T 10J WIB)SAS [OIIUOD DINISID) SSIIIBIUOD D[WIOUOSIH UR JO UONIEN[BAY PUe USISa( 9L, *d q@aM O Sue],
A[qurasse mofj
9y a[qnod AVS 810C aAnowoine ur uopesadood joqor-uewny Anp-Aaeay Joj yoeoidde Suruuerd drewalsAg 'y jnedary ‘Y uueunsig s weniag “d jeiddnig | [eydeuueq
A1quiasse mofy
DYA/AVS JuRAS[RY oyqd 810T aanowoine ur uoneradood joqoi-ueumy Anp-Aaesy 10y yoeoidde Suruuerd onewalsAs 'y Jnesary ‘g uueunsiof g wentag “d yeiddnig “|N [ojdeuueq
piomAay
UOTIEDYISSE[d [eul] JoueAS[PY sef sndodg  Ie9X OPIL sIo0yINy

(panunuod) g1 dlqeL

26



Robotics and Computer Integrated Manufacturing 67 (2021) 101998

L. Gualtieri, et al.

(98pd 1x2u UO panunuU0I)

Buruaards
JO punoI 7 - JUBAJ[3I JON oyd 9102 s193(qo ur pappaquia suerd Sursn souued uoneradood 10qol UBWNH 'y adid “J uereq “y zua “d Memysayey “H UIP[NIYYe]
91y a[qnod AVS 910C Ansnpur ur UopeIOqe[[0d J0qoy - UeWNy *d YeAON Y AYD0SAA
Burusaios
JO puUNoI g - JUBAS[AI JON o¥yd 9102 Ansnpur ur uopeIoqe[[0d 10qoy - UeWNH *d YeAON VY ANI0SAA
Buruaards
JO puUNOI g - JUBAS[AI JON AVS 910 uonerrea ammsod o) urpiodde tojemndiueur JOJ-Z € JO A19Jes UOISI[[02-peay JO UOTeN[eAT S Wiy “H-"r 10y “r°1 Yred “HY wnf
VS JuRAR[RY AVS 9102 u01)99)01d [9A9[-0M] UO paseq JUSUIUOIIAUD JUMISIX20D J0qoI-Uewny ul A)9jes Surmsuy X N7 “D nq “d uir “d Sueygz
Apmg asen v :sadedsyIopm
AVS JuRAd[OY AVS 9102 10qOY-UBWNY 9AIRIOQR[[0D UI UOTBZI[Ed0] puk SUuISuas UBWNH 9911-9d1Ad(Q ‘JA TUBSSNID ) TUNUDIA “A edurey S 1zzeaes
A)1eay TenIA Suisn SIUSWAAOIN 'y erpuang
oyd JueAd[RY AVS 9102 10qoy SyrT-uewny jo uondadiad ay) Ul BLIDILID 2ANR(qng jueyrodwy oy Sumumualeg L UIpnen “y-y wrey “d syong “y diffed “A Iopgonsem “O sonSnH
‘H'L 3undyD “H
AVS JuRAd[OY AVS 9102 s3)e1§ SUnIoM S[dnIA YIIM Julor Joqoy djes juerdwo) [oAoN e jo udisoq  Suep @ ung “H-'A NIT “d I'T “q uodrery-oireaeN “IN'H dix “z Suepm
Buruaards S3UIT UONINPOIJ dRWOINY
JO punoI T - JUBAS[AI JON AVS 9102 -1wag 9y} Jo uonerad( JUIN] PUE 9JeS SINSUF 0} SUOTIINIISUJ YIOM [ensiA Suneai) ‘D OYI0Pa] “IN $NPaSoH “IA oMsn[od
Buruaaios
JO pUNOI g - JUBAS[AI JON AVS 9102 Burprendojes pue sudisaq woISAS 10q0Y SANRIOQR[[0D UI SUONIBISPISUOD VN URIRUTy I, [[MH
Buruaaids suoneodrjdde mau Auew Suissaippe a[ym 1s0d pue A1fiqeltod ‘eses Sururerdord
JO punoI 7 - JUBAS[I JON AvS 910C  ‘Awvges ‘Aianonpoid ur syusuasordurr sofewr Surpraoxd Ajpider are s10qo1 aA1IRIOQRI[0D g ssoigd
DYHA/AVS JuRAI[OY AVS 9102 uonoeIa)ur Joqoi-ueumy [edisAyd yimm SuLmidenuel SANRIOGR[[0D *d 9ssTeIq 'Y JSTUSET Y ISTUSOI) Y BUIBSSed 'Y TUIqNIdYD
Burusaids
JO punoI T - JUBAS[AI JON AVS 9102 aury A[quiasse 1odumnq e Ul ISYI0M-0D J0qOI :X(qed-d ) 98nsoy “y emezeuey “r emednuny
Burusaios
JO pUNOI g - JUBAI[I JON AVS 9107  Ajquasse aaneroqe[jod joqoi—uewny ur J1oddns 1ojerodo 10y wreishs Ayifear pajuswidny 'S-'Y SD{RIRUNEIA S SeyNOoY “d stuuerderey ©'S SLRN
Burusaids
JO puUNOoI g - JUBAS[AI JON AVS 910T SYse) eaopuey uewny-joqox ur Suruuerd £1039s(en) 10y yoeoidde paseq-yI0MIau [eInau y D oudLIdy “N nekeuq “N NUSEA T YUOpUSURIY “H IWOA o
Burusards
JO punoI T - JUBAS[AI JON AVS 910  siuapioul [ejuswuoliaua ur Sunde 1adoxd e 0 pesj 01 yoeoidde 1oe-asuas 10qoI-NNUW Y 'Y oI1aqry “'V SOUSLLIRg [ 019D [9( [ dIUI[BA [ ZOUNA-BSIUOD
Burusaios SuIAISAS
JO pUNOI g - JUBAS[AI JON AVS 9102 BurmioenUBIA PadURAPY UI UONRISIIU] (3040D) 10q0Y SANRIOGR[[0D IO YIOMIUWRI] £y dTURqIN “TC IPPTY “I'V dunlq
Buruaards SIUSWIUOIIAUY ‘[ BLIQ-Z2I9d D OIdLIdg
JO pUnoI 7 - JUBAI[I JON AVS  L10T [eLIsnpu] Ul UOHRIOGR[[0D J0qOI-UBWINH 3JeS U0 MIIAY V 19119801, Suniiop  -a1I0], “{ BIqRIeS-Z3[RZUOD “Y'[ BIE[T “JN'A B1I9d9g 'S ZowoH-e[qoy
Aduepunpar pajenjdeiapun
AVS JuRAI[OY AVS  L10T uo paseq uoneradood joqoi—ueuwny 1oy Jojendiuew 3duepadwWI-MO] V “UBAIN *D UIasson “FN Ye[[epqy S INesnoyq [ 91qIeT “q’d anboaiqe
Burusards s10je[ndruewr jurof Juerjdurod
JO puUNOoI g - JUBAS[AI JON AVS  L102 JI0j Jonuod jueuriojrad pue 9Jes y :[oIu0d dpowr SUIpI[s JoAe] AIepunoq S[qerrea ayJ, g WY3I10qI9pURA “( 19q9JT D 0I91IdND-Zan3LIpoy T TULDEIN [H
Burusards
JO punoI T - JUBAJ[3I JON avs L10T SOLIBUSIS SANOWOMY PUB SONIARDY JHD 399[01d D YANLYVI-OFOY 9L "D SO[BYIIAL “O Te[edO], “V B[[PUBRZ “D OAIA
UOTIBIOQR[[0D 10qOI-UBWNY
Y it JuRAI[OY AVS £10Z  remnsnpur Supjuswa[duil 10j 00} [9A] SSUIPEY SI0)oe UewNH € Jo Juswrdo[aAdp Y], *d Q@OM “Y’S JOUIB[ “DH snoquIeleIeyD
Buruaaids saInydNIS
JO pUNOI g - JUBAS[AI JON o¥yd  £102 ssnn aoeds a81e[ Jo A[quiasse aaneradood joqor pue uewmny 10y Suruueld adusnbag "D udyD D reg “r onn
Burusaios walsAg Surrojtuoy
JO pUNoI g - JUBAS[AI JON AVS  L10T  9oedsyIopm TYATVA 93 Jo uonenyeas - sioyendiuelyl S[IqOIA dAneIOoqe[[0) Surprendajes N uueun[[q “q urzudd D [P80A “r zuses
Buruaards £3ojouyda], paseq-eroure) pue -uorndafoid e Aq
JO pUNOI g - JUBAS[AI JON AVS L10Z s9ssadoid Surmidenuey aaneradoo) joqoi-ueumy amin,g Sunioddng pue Surprendajes ‘N uueun[[g D I2em D [P8oA
Buruaards ‘D SLINO[OSSAIYD
JO pUNOI g - JUBAI[I JON o¥d  L10C wR)sAs uoryedo[[e ysey pue udisap ade[dyIom joqoi-uewny e uQ 3 se[nowq “[ SOJeSBURIY 'S SLBRIN D SO[RYDIA “d IYoNoIes],
Burusaios
JO punoI T - JUBAS[AI JON AVS 4102 UONIBIOqe[[0d 10qOoI-[eLnsnpul pue uewny 1oy Surnpayds pue Suruuerd uonon "1 OT[0], “V 021IquIN “N TYd20Ipad Y TUIpUR[Q 'S [[[OULISI[2d
Buruaaids Ansnpup
JO pUNOI g - JUBAS[AI JON O¥d 410  oAnowoiny ur uojsysoxq qui-roddn aalssed e jo Aiqesriddy ayy ojur uonesnsaaug *d’ N eMI0JRARD T Ip[EISED 'S BNIO[ID T opneqryo 'S epeds
AVS JuRAI[OY AVS  L102 SJUSUIUOIIAUS DTUIRUAD UI UOTIORIDIUI J0QOI-URWINY 9Jes J0J [0IIUO0D DUBRLIBAUL 'S QUDITH ““IAl [Pty
piomAay
UOTIEDYISSE[d [eul] JoueAS[PY sef sndodg  Ie9X OPIL sIo0yINy

(panunuod) g1 dlqeL

27



Robotics and Computer Integrated Manufacturing 67 (2021) 101998

L. Gualtieri, et al.

Apms A101eI01dX0 UE :AT)SNPUT UT UOTIRIOQR[[0D

Y it JURAd[OY o¥d  S102T joqoi-ueuwmy SuNPONUI J0j S10)0e] UewNy [euonestuedio £y ay) Surkjruspy *d qQQdM S I9YDIA[A D snoquIererey)
uruaaids saur| A[quiasse a8ueyd
JO pUNOI g - JUBAS[AI JON AVS SI0Z  A[[edIper [[Im Jey) J0qOI ULIe-[enp 9ANeIoqe[[od A[NI} ISI S plIom ay3 Surnponuj :eIANX *d I_YPIMOI)
BuruaaIds s10q0Y
JO pUNOI g - JUBAS[AI JON AVS SI0Z [BSISAIUN JO QLD PUE I9PUNOJ-0D ‘IOJUSAUL ‘pIeeSIalsQ USqsH IJ :MITAIIUT AYSueld S, r Aysueld
oyl JURAJ[OY AVS S102 Aureyreoun Jojaeyaq uewny Surrapisuod adue)sisse ondey A1ojedonue Surzisayiuis 'S AUDITH ], ZUSIOT “Y'[ BUIPIIAL
$10qOY [ernsnpuy
AVS JuRAI[OY AVS S10T 9Jes J10J UOTIBDYISSE[D SIUTRNSUOD [EdIYDIRISTH UO paseqg uoneldepy Ysel dANOeRY 'Y U0SS119q0Y 'V 1[0IS “°d 0900y “IN'V UMISYdURZ “IN'N TURLIDD
AvS JURAJ[RY AVS S10T S[[92 dn10qol [ernsnpur ur £19yes 1o SuLly apnted uo paseq Sunpern 1981el sidnmy *d BLIRDIS “V'IN Zo19d “T enlney ©y uamsieqp
Burusaros
JO pUNOI g - JUBAS[AI JON AVS S10T Bururures8oxd joqox [ernsnpul J0§ dUBPMS ENURIA D TeISLD “IA 11eSa[reD “°q esseN
AvS JURAJ[RY AVS S102 swa)sAs uononpoid ur suewny ym Suneradood s10qor jo uonejuswRdwy ‘g BIDPIN “ 18JoY “d UedIe]N
uR)sAS y1op drwouody ue Surudiseq
9y 9[qnoq AVS SI0Z  10j sjuowaImbay jo sisA[euy :suraisAS uononpoid aIming ur uoreradoo) 10qoi-Uewng D YRIYIS “r I9[ZIng “IA Ioqey
Burusards wa)SAS yIop drwouodry ue Jurudisag
JO puUnoI 7 - JUBAS[AI JON DYd SI10Z  I0J sjuawalrmbay Jo sisA[euy :SwasAS uondnpoid aming ur uoreiadoo) 10qoi-UeUINg D YIYIS “r I9[zIng “IN Ioqeq
S[OpOWI AONTEW USPPIY
AVS JuRAS[RY AVS S10Z Suisn A[quiasse 9ANORISIUI 10qOI pue Uewmy Joj uoniudodas pue urppour a1n3sad puey ‘1 epmny ) eweAn[as ¢4 e[puue) O Suoyz “J usyn
AvVS JURAJ[RY AVS S10T A[IqeureIsns paduBYUd I0J [0NUOD pue SULIOIUOUI J0GOI ANRIOGR[[0D T Suepm
AvVS JuRAd[RY AVS S10T Bunmoeynuew ur £19JeS UONEIOGR[[0d 10qOI-UBRWNY Paseqd-yse) SuIZLalorIeyD ‘] OnSIR [ 0d[ed “V'[ [PATRIA
BuruaaIds j0qox
JO punoI T - JUBAS[AI JION AVS SI10Z onsawop e jo ulisap ay3 03 A3ojopopowr Surreaurdus A1ajes walsAs JINV.LS ou3 Suid[ddy *D°S SOSINOINOIA ““H PN
uonels ssado1d
91y 9[qnoq AVS SI0Z oul[ Jo-pus aAnowone ue jo uonesrundo ay) 1oy paudisaq walsAs 10qoy 1yS1omiysy v ‘AL JouTRy “IAl 9139A “IN IS[0YDS
uomne)s ssadoxd
AvS JuRAJ[OY DYd SI0Z oulf Jo-pud aanowoine ue jo uonesiundo ayl 10§ paudisaq wRIsAS 10qoy 1YSemIydy v ‘N IBuTRy “IAl 9139A “IN 19[0YdS
AVS JURAd[OY AVS 9102 Joje[ndIueW 10qOI B JOJ [9POUI UOIIDLY UO Paseq UOTII3)P UOISI[[0D SSI[IOSUSS g-"r 8uog “q-'S 99T
Burusaios
JO pUNoI 7 - JUBAS[AI JON AVS 910Z [OXUO0D pue SOLNIIN :SIUSWUOIIAUY SULIMIORJNURIY dATBIOQR[[0D 10qOY—URWNY UT A19)es g SelyNe “H Suiq “d 0900y “IN'N IUeLIdD “IN'V UIIdYduRZ
Burusaids
JO pUNOI g - JUBAS[AI JON AVS 9102 Tonuo) Surydle [9POIN Sursn UondeIAIU] 10qOY UBWINY 3jeS *d-"H 8ueny “x-'H 8uil, “r-'d Suayn
AvS JURAJ[OY AVS 9102 £19yeS 10q0Y J10J SUIRISAS UOTI29)9( UBWINH JO UONBN[BAY dOURULIONDJ ‘A JB1UYS Y IpTeS “I, SUoH D YoayD “M PIOJRPIORYS
AVS JuRAd[OY AVS 9102 UOTIB[NUWIS UONIOW ULIE J0qOI JO SanI[IqIssod MaN ‘@ eAOYEITWNY Y d1AdSuUY
Burpdnosaq
AvS JuRAI[OY AVS 9102 SOIURUA(] DAISSBJ-9AIOY Ue SUIS() UONOBIANU] J0qOoy—UeWNH [eJISAYJ douepadw]-mo *D uIEsson “IN Ye[epqy “IN-‘f dYyoeH “q'd anboaiqeT
Buruaaids uopewoine SuLM)dRJNULU UI SUIISAS [ed1SAYd-19q4d [eLISNpUI 10]
JO punoI g - JUBAS[AI JON AVS 910 uonmud0da1 193(qo (-§ PUe 9DUBPIOAE S[DBISqO JTWERUAD YIIM J0QOI JOJ-UDASS JUSI[[IU] *M-"D oy Dy on
Burusaios
JO pUNoI 7 - JUBAS[AI JON AVS 9102 Surururer8oxd pue Suruuerd yse) uo sa3UB[[LYD PUE MIIAII UONIBIIUI J0QOI-UBWINH 'D SLINOJOSSAIYD S SLINRIN “d TYonoIes],
syoejTIe A19JeS 10q0I d[qesodsip
AVS JuRAI[OY AVS 9102 10 JUSWINNSUT UoneIqITed pue 3unsa) Joedurl d[ureudp UOTIBIOQR[[0D 10qOI-UBWNE "1, 9190 “IN-"[ 00X “O°N spyeredeq
piomAay
UOTIEDYISSE[d [eul] JoueAS[PY sef sndodg  Ie9X OPIL sIo0yINy

(panunuod) g1 dlqeL

28



L. Gualtieri, et al.

and psychophysical aspects of collaboration. These innovations should
allow the implementation of safe, ergonomic, trustworthy and efficient
collaborative production systems.

Appendices

Appendix - Step 4: papers processing and classification.
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