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Abstract

In the context of Industry 4.0 and Industry 5.0, the introduction of collaborative workplaces, where humans and robots work
together, represents a growing trend to improve the productivity, adaptability, and flexibility of production plants. Indeed,
human-robot collaboration (HRC) is a very deepened topic in the scientific community and the designing of collaborative
workplaces is a challenging issue due to the high level of complexity and multidisciplinary of its features. This work tackles
the complexity of collaborative workplaces and proposes a structured framework to support strategic decisions in designing. A
multi-level designing framework is proposed as a supporting tool for designers. Within five domains of collaborative robotics,
the elements of a collaborative workplace are identified and proposed in a framework in order to better consider human safety
and working conditions during the designing process. A decomposition matrix and an adjacency matrix are used to develop
a multi-level designing workflow. Finally, an interactive tool is presented, named “Smart Graph Interface” (SGI), to read and
exploit the contents of the framework. The SGI is applied to three case studies from the literature, to spread out principal
outcomes in terms of applicability and robustness.
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1 Introduction

The technology-driven progress of Industry 4.0 and the new
C. D. Marino, A. Rega, A. Pasquariello, F. Fruggiero, F. Vitolo and S.  paradigm of Industry 5.0 [1], address the interaction and
Patalano have contributed equally to this work. collaboration between humans and robots as an innovative
production process. Indeed, this manufacturing plant leads
to achieve an efficient human-robot collaboration (HRC)
[2] towards the improvement of flexibility and productivity.
As evidence of the high impact of this kind of application,
HRC is spreading also in fields not directly connected with
classic industrial environment [3]. In this context, the left-
over approach of cooperation, designed over the principles
of “how human is serving robot” or “is robot helping human”,
is taken over by the human and robot co-existence [4].
Thus, a lot of matters are directly connected to collabora-
tive robotics, and they need to be considered as single aspects
and in an overall picture. Aspects like risk and safety are
widely discussed [5], as well as human physical and mental
! Fraunhofer J-Lab IDEAS, Department of Industrial stress [6], logistics, technological and operational require-
Engineering, University of Naples Federico II, 80125 Naples, ments [7], product and process specification. All these have
Ttaly to be analyzed in order to accomplish environmental, social,
and economic sustainability. For instance, experts in the field
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[8] investigated the innovation in the manufacturing context,
and some authors [9] dealt with the possibility to include
user interfaces to improve direct communication with robots.
Other authors [10] focused mainly on ergonomics to iden-
tify possible trends in research. Not least, the concept of
anthropocentric design or human-centric design [11] in col-
laborative robotics represents an important paradigm shift.

Long over the state of the art, there is currently the
attempt of supporting the smart configurations of collabora-
tive systems while proposing solutions for human-centered
allocation [12], flexible configuration [13] and automatic
layout generation [14]. This requires a multi-level analysis
arranged inside a decision-supporting framework evolving
over complex [15] and dynamic rules [16]. Indeed, in collab-
orative workspaces, different factors, and causal entities act.
They evolve over domains (from their aggregate to detailed
representation), regulated by parameters, configurations, and
constraints, arranged to manifest benefits across their func-
tionalities. Whenever collaboration between humans and
robots is arranged in systems, severe implications on human,
robot/machine and the environment are required [17]. Those
influence the design of configurations and operational sys-
tems to support superior long-term performances in both
employees and system outcomes. Therefore, the purpose of
this work is to provide a well-defined process and a struc-
tured framework for collaborative robotics implementation
and designing of collaborative workplaces, building upon and
extending the findings of a previously published paper [18].

The work is structured in six Sections in addition to
the introduction. Section2 presents the state of the art
about collaborative robotics. Section 3 depicts the aim of the
paper and the adopted Knowledge-Based Approach (KBA).
Section4 discusses the multi-level framework for collabo-
rative robotics. In Sect.5 a tool to manage and exploit the
knowledge about collaborative robotics named Smart Graph
Interface (SGI) is presented. In Sect. 6, the methodology is
tested on three test cases from the literature. Finally, in Sect. 7
main outcomes and conclusions are underlined.

2 State of art

As is known, the basis of knowledge related to collabora-
tive robotics revolves around some main matters [2, 8]. Most
of the information used in this research work comes from
a process of knowledge acquisition, which consisted in the
collection and critical analysis of a significant number of pub-
lications in order to extract the most relevant topics, in the
HRC context, and their connections. In the following, some
references are reported for the most relevant topics.

The most important issue to deal with, in collaborative
robotics, is safety. Among the reference international stan-
dards about this point, the most relevant to HRC are the
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ISO/TS 15066:2016 [19], concerning collaborative opera-
tions, and the ISO 10218-1/2:2011 [20, 21], concerning
collaborative robots and the working environment from the
safety perspective. These are very useful guidelines that clar-
ify the most important issues and features to take into account
in the HRC context. Furthermore, not only international
standards, but also independent researchers [5, 22] report
approaches to address and ensure safety and risk assessment
in collaborative workplaces, as proof of an effort still needed
in this area.

Another relevant topic, strictly connected to safety, is
ergonomics. Many authors focused on this matter deal-
ing with both physical [23] and cognitive ergonomics [24].
At the same time, the assessment of ergonomic conditions
inside a collaborative workplace is strongly considered in
the scientific literature [25]. The need to improve ergonomic
conditions drives very often the adoption of collaborative
workplaces. For this reason, methodologies for the transition
from traditional workplaces to collaborative workplaces [12,
26] and approaches for evaluating the performance of col-
laborative workplaces [27, 28] are widely proposed in the
literature. Indeed, a collaborative workplace owns specific
features with respect to manual or totally automatic work-
places, therefore it is required to introduce ad hoc criteria to
evaluate the improvement in flexibility and safety, highlight-
ing the different latent dimensions that characterize the HRC
problem [29]. For instance, [27] introduces a criterion based
on the shared time, whereas [28] applies a Design of Experi-
ment to a collaborative workplace, as examples of approaches
that lead to the evaluation of the goodness of the collaborative
workplace.

Referring to collaborative robotics, one of the most signif-
icant aspects is related to the levels of interaction in a man-
ufacturing context [30]. Many authors discussed this topic,
providing different levels of interaction between human and
robot. The authors of [31] proposed different degrees of inter-
action correlated to increasing levels of risk. On another hand,
El Zaatari et al. and Matheson et al. [32, 33] proposed two
different classifications of interaction taking into account not
only safety-related issues. The categorization is based on the
working conditions and interaction mode between humans
and robots. Finally, Aaltonen et al. [34] proposes its own
classification and reports different proposals in the literature,
such as the idea of time-sharing and workspace-sharing.

The operations, as well as the task sequencing, are
important topics, strongly related to the interaction. Indeed,
allocating operations between humans and robots has an
impact on almost all the other characteristics of a workplace.
Mateus et al. and Xu etal. [35, 36] propose algorithms for task
precedence in assembly and disassembly related to collabo-
rative workplaces. Furthermore, in [37, 38] the capabilities
of humans and robots are compared with a decision-making
criterion to define the best task scheduling.



International Journal on Interactive Design and Manufacturing (1JIDeM) (2024) 18:6255-6270 6257

Another important aspect is how to manage the resources
inside the workplace. The focus on the resources, intended as
active and passive resources, represents a preparatory issue
for collaborative workplace designing. Many research works
pay attention to this aspect. In [39] and [40], active and
passive resources are analyzed and used as inputs for sub-
sequent stages. Moreover, Vitolo et al. [41] also examined
the presence of an Autonomous Guided Vehicle (AGV) and
its integration with a collaborative manipulator. The selec-
tion of resources is a crucial phase also for the designing
framework proposed in this paper.

Layout designing and optimization are crucial for achiev-
ing an efficient and safe collaboration between humans and
robots. Indeed, ISO 10218-2:2011 [21] pays attention to the
working areas definition. It may produce an implicit risk
reduction. In scientific literature, many authors focused on
this issue. Some authors [4, 14] proposed methodologies for
generating collaborative workplaces paying particular atten-
tion to the working areas resulting from the sharing of space
between humans and robots with different degrees of col-
laborative areas. Some areas are dedicated to collaboration
whereas others are restricted. On another hand, in [42, 43], an
algorithm of spatial optimization is proposed to better arrange
the resources in accordance with the context and inputs.

Besides, virtual reality (VR) and human—machine inter-
face (HMI) are widely considered in HRC applications,
especially for preliminary designing and preliminary assess-
ment. In [44], an immersive VR environment is presented to
simulate and visualize manufacturing tasks, whereas Tarallo
etal. [45] proposes an experiment in VR to preliminary assess
safety and health in manufacturing applications exploiting
the real-time interaction in the collaborative workplace by
means of HMI.

However, even though many topics are related to HRC,
and several authors published works on matters around this
topic, it is still missing a process that involves all the possible
aspects during the designing of a collaborative workplace.
Some authors propose designing workflow [46] to lead the
designer through the whole process, whereas others present
a framework that contemplates the elements and features of a
collaborative workplace [14]. Different approaches propose
action workflows based on an HRC paradigm that moves
through all the elements in a collaborative workplace [43,
47]. These are all attempts to deal with a complex problem
and solve a designing problem through the quantification of
the process.

Therefore, to manage the knowledge around collaborative
robotics, in many research works, as well as in the cur-
rent work, tools like user interfaces are proposed. They are
useful instruments that support designers and analysts deal-
ing with collaborative workplace designing and re-designing
[48]. Examples of this approach are reported by [14] and
[18], where the authors respectively provide (i) an infer-

ence that interacts with a 3D visualization software to apply
changes and (ii) a user interface that manages the knowledge
collected around collaborative robotics. Despite the differ-
ent employment, the approach by means of user interfaces
brings towards the automatization of the designing process
expanding the user-centered experience [49] and improving
the design of the user interface by means of methods and
guidelines proposed in literature [50].

3 Knowledge-based approach for
collaborative robotics

Since the high level of complexity and differences respect
to traditional manufacturing plants, collaborative robotics
needs to be tackled by means of an inclusive and comprehen-
sive approach. Generally speaking, the traditional designing
processes tend to find a trade-off between safety and produc-
tivity. Mainly, they do not consider the relations among the
elements of a collaborative workplace. Indeed, managing the
process requires in-depth knowledge of the context of collab-
orative robotics. Therefore, a Knowledge-Based Approach
(KBA) is adopted to face a topic characterized by high com-
plexity.

KBA allows overcoming two important statements: (i) to
manage the high number of connected elements involved in
a complex field like collaborative robotics and (ii) to provide
a structured framework and useful tools to support designers
in facing collaborative workplace designing. Therefore, this
approach is useful for managing complexity and support-
ing the designing of collaborative workplaces, by making
the necessary knowledge available and exploitable in a user-
friendly way. Indeed, a general and still valid solution to
designing problems in presence of a large number of hetero-
geneous elements and information [51] often needs a lot of
attempts and can be solved only by experts in the sector. That
is why a systematic approach is required to overcome or at
least reduce uncertainty and subjective choices.

The aim of the adopted KBA is to collect the knowledge
necessary to approach the HRC and organize, in a structured
way, the main information [52]. This leads towards the iden-
tification of general elements belonging to a collaborative
robotics context and establishing well-defined relations that
can support the designer during the development of a col-
laborative workplace [53], as depicted in [43]. Therefore,
the adopted KBA is composed of the following three stages:
(i) Knowledge acquisition, (ii) Knowledge management, and
(iii) Knowledge exploitation.

In Fig. 1, the KBA is graphically explained. The first step
is named “knowledge acquisition” and collects knowledge
from industry, standards, and from the scientific commu-
nity as raw information. This comes from the study of the
state of the art briefly presented above. Consequently, the
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knowledge is organized in a structured way by means of sev-
eral acknowledged methods and tools during the “knowledge
management” and presented in Sect.4. Once this knowl-
edge is organized, it is conveyed towards the last stage,
“knowledge exploitation”, where it is made available through
interactive tools like matrices and user interfaces to sup-
port the designer (see Sect.5). Furthermore, this process is
recursive, coming back to a previous phase to fill up missing
information or to better fix up the organization of the infor-
mation according to effective and efficient exploitation of it.
Hence, this work presents a consistent approach to support
the designing of collaborative workplaces.

4 Collaborative workplace framework

4.1 Decomposition matrix: domains and elements of
a collaborative workplace

Collaborative workplaces need to be treated differently from
manual or fully automatic workplaces because of the obvi-
ous safety problems due to humans and robots sharing spaces.
Managing all the aspects of a collaborative workplace at the
same time complicates the achievement of effective collab-
oration between human beings and robots. Moreover, the
designing of collaborative workplaces includes a huge and
non-homogeneous number of issues that requires an architec-
tural frame to represent all the social and technical aspects of
acollaborative workplace. For this reason, this work proposes
a framework that represents the collaborative workplace as
the combination of five domains, containing the elements
which are used to characterize it. Specifically, a domain
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meets a need inside of the problem, whereas the elements
face specific functionalities. The whole collected and orga-
nized information is reported in a “Decomposition Matrix”
(Table 1).

The domains of a collaborative workplace are the follow-
ing:

e Logistic domain focuses on the management of the col-
laborative workplace, which means spaces and flows.

e Resources domain focuses on the resources adopted,
the active resources (act an action) and passive resources
(suffer an action).

e Working domain focuses on the working needs, the aim
of the workplace as the working process, task sequencing,
and the interaction between humans and robots.

e Safety domain focuses on the safeguarding and well-
ness of humans in collaborative workplaces, involving
ergonomics, environmental conditions, and safety. It is
strictly related to human presence in the workplace and
depends on the degree of collaboration with the robot.

e Value domain focuses on cost and performances.

Within these domains, twenty-one elements that charac-
terize a collaborative workplace are identified by collecting
and analyzing reference ISO standards, scientific literature,
and industrial applications and grouped for similarity. They
are graphically represented in Fig. 2. The details of each ele-
ment are reported below:

1. Physical limits: the available space within the whole
workplace can be located, including size, shape, and
obstacles [54, 55].
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Fig.2 Framework of the collaborative workplace

2. Workspaces: information about layout and working areas
division and the main spaces inside a workplace (human,
robot, and logistic spaces) [4, 19, 54].

3. Paths: information about access and exit points as well
as paths for all the resources [19].

4. Feeding: the type of supplying modality for workpiece
and material [19].

5. Workpiece: information about the piece to be worked,
including characteristics, properties, and components
[56, 57].

6. Equipment: information about support instruments and
furniture inside the workplace [56, 58].

7. Usable devices: information about devices under the con-
trol of the operator, used to manage the workplace and
robot [56].

8. Operator: human operator and his characteristics [40, 56].

9. Robot: robot and its characteristics [40, 56].
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10. Autonomous Guided Vehicle (AGV): AGV and its char-
acteristics [40, 56].

11. Ergonomics: information about ergonomic constraints
and requirements [59-61].

12. Environment: information about environmental working
conditions [21].

13. Minimum distances: minimum distances to be set among
fixed and mobile resources [21, 54, 55].

14. Perimeter: physical or virtual workplace frontier [19, 21].

15. Safeguarding devices: devices not under the control of
the operator [19, 21].

16. Type of work: working operation to be executed on the
workpiece [2, 62, 63].

17. Task sequencing: a set of operations that must be per-
formed by the active resources to carry out the entire
working process [64].

18. Human-robot collaboration (HRC): interaction modality
between operator and robot [34].

19. Human-machine interface (HMI): devices enabling the
communication between operator and robot [19, 21].

20. Costs: economic constraints.

21. Benefits: key performance indicators (KPI), a selection
of evaluation functions to estimate the performances of
the collaborative workplace [27, 29].

These elements describe the aspects of a collaborative
workplace as atomic parts of the whole system and enable
the holistic modelling of the workplace.

4.2 Adjacency matrix: relations among its elements

The decomposition matrix previously presented reports the
elements of a collaborative workplace as atomic entities with
no relations. This section deals with the building of a network
among the identified elements. The relations among the ele-
ments explain how they interact and define a prioritization of
them. Indeed, each element as part of the network helps to
describe the whole system as a complex of interactive com-
ponents.

Therefore, a generic collaborative workplace is modelled
as a graph (G = {N, E}) [65]. It is composed of nodes and
edges. In the resulting network, a single node can have sev-
eral incoming and outgoing edges [66]. The oriented edges
give priority to nodes. In other words, they make evident the
existence of a direct relation and causal relationship between
two nodes.

The graph theory provides for a double representation.
The relations among the identified elements are highlighted
by means of a direct graph (digraph) or an adjacency matrix.
The arrows suggest the direction and priority among the ele-
ments in a digraph, whereas the values 1 or 0 explain whether
the element on the row has a direct connection with the ele-
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ment on the column. The value 1 suggests a dependency of
the element on the column from the element on the row,
which means a change in the latter causes a change in the
previous. On another hand, the value O means that there is
no direct relation between those nodes. The dependencies
among the elements were identified by studying the refer-
ence regulatory framework and the scientific literature. These
were discussed and refined on the basis of the authors’ experi-
ence. Previously, this step has been referred to as “knowledge
acquisition”. In Table 2, the adjacency matrix that comes
from the analysis of the acquired knowledge is represented.
This matrix is a square matrix where on rows and columns
there are the same elements.

Looking at the matrix, it is immediately noticeable that the
first six nodes, i.e., workpiece, physical limits, ergonomics,
environment, minimum distances, and cost, present no
incoming edge. These nodes are intended as source nodes
because they have no inputs or incoming information. In
other words, they are information that comes from customers,
firms and standards, they are external constraints or require-
ments to meet, which do not suffer the influence of other
nodes. On another hand, only one node (Benefit) has a row
with all zero elements, which means it is a sink node, it has
no influence on other nodes.

To better clarify the dependencies among the 21 elements
of the matrix, it is possible to imagine a general workplace
in which collaborative robotics is used. Here, resources are
designed depending on the job. It depends on the product
(WP) that has to be realized. The workplace is, generally,
designed from an ergonomics (ER) perspective. That can
change over the safety rules related to the environment (EN)
and set inside the Physical Limits (PL). ER depends on the
operator’s stature (O), type of equipment (EQ), and usable
and wearable devices (UD). The degree of ergonomics of sys-
tems results in benefits (B) and in the quality of performances.
The degree of automation inside the environment changes
over budget (C). It acts as an overall envelope constraint.
The resources (Operators (O) and Robots (R) and mov-
able logistics entities (AGV), equipment (EQ), wearable and
usable (UD), and safety (SD) devices) amount does not result
directly on performances. Those influence the type of work
(TW) and its sequence (TS) that are planned on the collabora-
tive rules (HRC). During the collaboration, the operator can
make use of HMI for safety and effective acts with robots.
The display may provide active control of robot variables
(e.g., position and velocity, and acceleration) by changing
the sequence of tasks (TS). Resources are allocated inside
the layout with the main intent to reduce Not Valued Action
due to travelling, respecting minimum distances (MD) pro-
vided by norms, standards and safety issues. The position of
resources in systems is set over safeguarding perimeters (SP)
to follow paths (P) the materials are using (WS). Physical or
virtual frontiers (SP)- whenever augmented reality is used—

may be tested for safety practices. The supplying modality
(F) makes use of the free paths (P) inside the area (WS)
and according to the main safety interaction principles (SD).
The operator uses devices and cannot—arbitrarily—decide
to refuse. Active (they are performing a job) and passive (they
are servicing a job) resources are assigned to the task after a
master set that follows the aggregate (in terms of family of
workpieces) type of jobs the collaborative system can assist.
Optimal outcomes are evaluated across the linked paths of
main design features and principal (selected) results. KPI
classifies the alternative arrangements over aggregate con-
straints.

4.3 Multi-level designing process

After the elements of a collaborative workplace are arranged
in a network where the relations among them are highlighted,
a multi-level designing process that follows four main steps
is defined (see Fig.3). This process considers the twenty-
one elements and organizes them according to a sequential
criterion based on the author’s experience and the acquired
knowledge with the aim of leading the designer alongside
the development of a consistent and coherent collaborative
workplace.

In the beginning, the “inputs”, intended as (i) constraints,
(i1) customers’ needs and (iii) strategic requirements of the
company, are set and combined in order to arrange the aggre-
gate scenario. The Aggregate representation is the first level
of the designing workflow which consists in the definition of
alow-level vision of the workplace. Only the source nodes are
considered. Therefore, the designer receives this information
and uses it as the basis for solving designing problems.

The second level reports the master “configurations” of the
framework. During this phase, the designer can select active
and passive resources, set tasks sequence for jobs and define
interaction and communication between humans and robots.
This reports the main representation where are designed the
master sets. Here, there is the majority of contribution from
the designer, his knowledge, aims, and experience. For this
reason, this stage can be considered the main part of the whole
process.

The third level provides the “manifestations” that come
out of the previous statements. It is the level where are
collected the nodes that can be forced in a process of
automatizing. It includes the layout arrangement and safety
requirements. Indeed, this is called resulting representa-
tion because it should be auto-generated across an expert
knowledge-based system or through algorithms including
meta-expert opinion implemented according to the needs of
the company and the designer. Within the framework, this
level can be customized according to the needs of the designer
and the optimization algorithm most suitable for specific sit-
uations.
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Table2 Adjacency Matrix

WP PL ER

m
Z
=<
o
@]
o
=

AGV

jus]
)

c
S
2
%

HRC HMI

s
<
v
la]
%)
v}
%)
w)
o]

WP
PL
ER
EN
MD

o

AGV
EQ
UD
™
TS
HRC
HMI

WS

Sp
SD

S O O O O O O O O o0 oo o o o o o oo oo oo
S O O O O O O O O o0 o o o o o o oo oo oo
S O O O O O O O O O o0 O o o o0 o0 o o o oo
S O O O O O O O OO o0 oo oo oo o oo o oo
S O O O O O O O O o0 oo oo o o o o oo o oo
S O O O O O O O O o0 oo o o o o o oo oo oo
S O O O O o O o =~ O o0 o o o~ o == o =
SO O O O O O O = = =, OO 0o oo o = o oo oo —
S O O O O O O o = O o O o o0 o = 0o o o o —
SO O O O O O O O O =, O 00 === OO0 = o =

S O O O O O O O O~ O 0O o0 o0 ==, OO o= oo
(=l e = e e e -l - = = e - e -l ==
S O O O O O O O O = O O O O o o o o o o =
S O O O O O O O = = O OO O o o o o o o o o
S O O O O O O = = O O O O O o o o o o o <o
SO O O O 0O O O O o0 o000~ 000 oo oo =
S O O O O = = = = memem O == OO = O O = O
SO O O O =) B, O O O 0 00~ 0O 0 o0 oo o oo
S O O = =, O O O O O O o oo o o o o o o —~ 0o
S O = = O = O = = = O O O O O = = O O O O
S =, O O = O O = O O O O O o oo o o —~ o o

AGGREGATE 0 MAIN 0 EVALUATING
REPRESENTATION REPRESENTATION REPRESENTATION

* WORKPIECE «OPERATOR ¢ FEEDING * WORKSPACES « BENEFITS

* PHYSICAL LIMITS «ROBOT « TASK « PATH

* ERGONOMICS ¢ AGV SEQUENCING ¢ PERIMETER

« ENVIRONMENT «EQUIPMENT *HRC « SAFEGUARDING

¢ MINIMUM « USABLE e HMI DEVICES

DISTANCES DEVICES «TYPE OF

* COSTS | WORKING

o J

Fig.3 Multi-level designing workflow

Finally, the “evaluation” level allows for assessing work-
place performance. This is called evaluating representation
because it represents the workplace through a score. Indeed,
a set of suitable evaluation functions are connected to this
level. That functions estimate Key Performance Indicators
(KPI) in order to provide evidence of the performances of the
collaborative workplace. The illustrated process recursively
evolves updating the previous stages if some requirements
are not met. Whenever inconsistency in results occurs, it is
possible to return to the previous state that is logically and
temporally preceding (e.g., the designer can modify the type
and amount of factors and elements in order to optimize prin-
cipal manifestation).

@ Springer

Finally, human presence is carefully considered in the
first two phases. Indeed, they deal with the constraints—
ergonomic requirements, environment, safety and health—
that are very connected to the wellness and safety of
the human as well as the task and resources. Indeed, the
ergonomics, and human factor, in the first stage, guide and
limits the designer’s choices in factors and elements in the
next stage.

Therefore, the elements of the framework are grouped
according to the presented multi-level designing process
in constraints, configurations, manifestations, and evalua-
tions. This categorization, using the designing methodology
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Fig. 5 Smart Graph Interface (SGI): 1) import the adjacency matrix; 2) graph (on left) and matrix (on right) displayed; 3) select the operation:
extract a sub-graph or highlight all the connections of a node; 4) set input and/or output; 5) set the layout; 6) set the element to display; 7) update

the graph; 8) reset

exposed above, creates a flow from the constraints to the
evaluation.

5 The Smart Graph Interface for
collaborative workplace designing

The framework for collaborative robotics described in the
previous section finalizes knowledge management. This
structured knowledge needs to be used and exploited by

means of interactive tools and instruments in order to support
analysis and lead the designer along the designing process.
For this reason, the connections among the elements pre-
sented in the adjacency matrix are made explicit and open
to manipulation in order to be able to handle the complexity
of collaborative workplaces in a user-friendly manner and
according to intended purposes.

The features of the graph theory are adopted and imple-
mented inside a user interface developed in MATLAB
AppDesigner. Indeed, as seen, a graph is composed of a set
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of nodes connected by edges (G = {N, E}, G : graph, N :
nodes, E : edges) and has a double representation: through
a matrix (adjacency matrix), where the relations among the
nodes are explicated by the number (the row element has
a direct effect on the element in the column), and through
graphical representation where the elements are represented
as nodes of an oriented network.

The User Interface, named Smart Graph Interface (SGI),
is developed to easily exploit the structured information
collected in the decomposition matrix (Sect.4.1) and the
adjacency matrix (Sect.4.2). The interface presented in
Fig.4, allows the manipulation of the network in both rep-
resentations. Once imported the adjacency matrix as a CSV
file, the SGI reads the contents, recognizes the elements and
generates the corresponding digraph and matrix. To make
the information manageable, a list of checkboxes is auto-
matically generated in the relative panel (number III). At
this point, the user can exploit the information following two
different paths: (i) to extract a sub-graph and (ii) to extract
all inputs and/or outputs of a single node.

Therefore, the interface is structured in three main parts:

I. The first part reports commands and features of the SGI,
where the user can load the adjacency matrix and set
how to manipulate the information uploaded. The user
can select the kind of operation to perform and define the
layout of the digraph as well.

II. The second part collects the list of elements included in
the adjacency matrix, and makes the user able to select
the information he is interested in.

The last part is a tab where the digraph and adjacency
matrix are reported as it.

III.

This kind of division is adopted due to lead the user in
a linear path where he can follow always the same direc-
tion, from up-left to down-right. Indeed, following this path,
the user can (i) set, (ii) see, (iii) select and (iv) update the
information.

Figure 5 presents the SGI after uploading an adjacency
matrix. After the user loaded data, he can display the graph
and matrix. At this point, it is possible to set the operation
to perform: extracting a sub-graph by selecting the nodes
in panel “Elements” or displaying the connections (inputs
and/or outputs) of a single node. By means of the “Update”
bottom, a sub-graph is represented. By means of the “Reset”
button, the SGI reports the entire graph.

The two operations described above have two different
purposes: the first allows investigating a reduced system, by
hiding elements that are out of interest; the second allows
visualizing all elements directly connected to the selected
node. All the node’s dependencies are highlighted. Therefore,
the SGI can support designers and analysts in easily dealing
with collaborative workplaces.

@ Springer

Command panel

Select operation

Load Data

(O extraction
/Input

€ ©connection
[]output

‘ [Layout

Oocircle

‘ @® Automatic

Graph | Adjacency Matrx  Workiow.

Elements
[JWorkpiece
[JPhysicalLimits
[JErgonomics
[JEnvironment
[JMinimumDistances
[JCosts
[Joperator
[JRobot

AGY
[JEquipment

[JUsableDevices

Update

[ITypeOfWorking
[ TaskSequencing
OHRC

OHM

[JFeeding

[V Workspaces
[JPath
[]Perimeter
[]safequardingDev.

[JBenefits

Reset |

Fig.6 Example of sub-graph from direct connections (only inputs)

[command panel

Select operation

Layout

Load Data

(® extraction

O connection

Graph | Adjacency Matric | Wor

ing | TaskSequencing |HRC

-

L

HMI

® Automatic

Ocircle

°

Feeding

| Workspaces |{

ololole

ololole

ololololololola

ololololo||le

olololelolelolelo|ololololo

°

°

Elements
[IWorkpiece
[JPhysicalLimits
[JErgonomics,
[JEnvironment
[JMinimumDistances
[Costs
[Joperator
[JRobot
CJasv

[JEquipment

[JusableDevices

[JTypeOWorking
/| TaskSequencing
[OHRC

BHM

M Wworkspaces
[JPath
[JPerimeter

[JsafeguardingDev.

[Benefits

Reset

Ronei ‘ | [ update |

Fig.7 Example of sub-graph from extraction

An example of the SGI interactivity is depicted in Figs. 6
and 7. In this case, all the inputs for the node “Workspaces”,
which represents the working areas inside the collaborative
workplace, are reported. In Fig. 6, it is proposed also a differ-
ent layout representation. The point is that through the SGI,
all the preparatory elements for the working areas definition
inside the workplace are selected and displayed. In this way,
the users can better understand the results of their decisions in
the designing or redesigning of the collaborative workplace.

Finally, the last tab of the SGI, named “Workflow”, is
introduced in this tool as further support for the user. In Fig. 8
(left), it is possible to see the user interface before uploading
any adjacency matrix. It reports four spaces related to the
levels of representation as described in Sect.4.3. On another
hand, in Fig. 8 (right), the spaces are filled with the elements
of the framework. The user can select the elements of the
framework to add to a certain level. The user selects the
elements in the “Elements” panel by means of the check-
boxes. In the panel “Manage level” inside the tab, the level
is selected, then, the elements are added to that level. In this
way, the user can set by himself the elements belonging to
a certain level of representation according to the definition
given in Sect.4.3 and the specific conditions and exigences
of the designing problem. Moreover, a button “Delete ele-
ment” is provided. This button works in the same way. After
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Fig. 8 Example implementing designing workflow: (1) Select the elements to add to a level, (2) Select the level and press “Add element to”, (3)

Element added to the selected level

selecting the element to delete and the level, the SGI removes
the element from that level. The value of this feature is based
on the possibility to check and control the elements of the
collaborative workplace during the designing process.

6 Application on three case studies from
literature

The proposed framework was applied to three case studies
collected from the scientific literature. They are taken from
three publications and present distinctive features that make
them suitable for analysis by means of SGI. Indeed, each of
them is selected to deepen only one representation stage of
the multi-level workflow (Sect.4.3).

Case study 1. Case study 1 is presented in [67]. It consists
of an assembly station where a flywheel cover is assembled
on an engine block. The process involves taking a machined
flywheel cover, applying silicone on one surface, pressing a
gasket into the cover, and finally assembling it to the engine
block. According to the authors, the available floor space and
the engine block position can not be changed. This informa-
tion is collected in the node “Physical limits”, which includes
available space and shape, obstacles and constrained posi-
tions. Furthermore, the case study reports also the active
resources (operator and robot), passive resources (equipment
and staff) and a well-defined task sequencing.

In this case study, only the “aggregate representation”, is
considered. This level includes: workpiece, type of work-
ing, physical limits, ergonomics, environment, minimum
distances, and costs. It is assumed that the assembly oper-
ation takes place on an engine block, the minimum distances
among the resources are equal or greater than 500 mm [21],
and the limits for ergonomic and environmental conditions,
and costs are already set. In this example, only the effect of
physical limits is examined. As already explained, ‘“Phys-
ical limits” is a source node, therefore it does not depend
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Fig.9 SGI: connections with “Physical limits”

on other nodes in the network. On another hand, it has an
impact on others. Through SGI, in Fig.9, the dependent
nodes are “Workspaces” and “Safeguarding perimeter”. That
means any change on that node produces an effect only on
these two elements. Moreover, all the settings in the “main
representation” are not influenced by this point. Therefore,
independently from this very strict constraint, the designer
can carry out all the configurations in the second level of rep-
resentation. If a change occurs in the physical limits of the
collaborative workplace, the settings still remain valid.

Case study 2. Case study 2, is an assembly and the sealing
of a refrigerator [40]. The focus is on the second level or
representation, the “main representation”. Differently from
the majority of the case studies in literature, this employs two
collaborative robots and two operators that work alongside
the parts to be assembled on a conveyor: the workpiece comes
on a conveyor, the operators prepare the components while
the robots apply the sealant, then, humans assemble flexible
components. Moreover, humans can directly manipulate the
robots to apply any further necessary sealant.

The designing process follows the steps explained in
Fig.3. The “aggregate representation”, which consists in the
definition of the context and constraints, is assumed already
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Fig. 10 Application of SGI: displaying all the inputs and outputs of “operator” (left) and “robot” (right)
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Fig. 11 Application of SGI: displaying all the inputs related to
workspaces (working areas)

done. The “main representation”, requires the selection of the
active and passive resources (equipment and usable devices),
the type of interaction and communication between humans
and robots, the feeding mode and task sequencing. In this
case, two humans and two robots are set as active resources
and a conveyor as a feeding device. The interaction between
human and robot occurs as Power and Force Limiting (PFL)
as indicated in ISO/TS 15066 [19] and the communication
is performed by means of either a starting button or direct
contact.

The SGI is used to investigate the inputs and outputs
of nodes ‘“operator” and “robot” as depicted in Fig. 10.
It emerges that the selection of both the active resources
depends mostly on (i) workpiece, (ii) task sequencing and
(iii) type of working. Moreover, interaction (HRC) is another
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criterion for robots, as well as ergonomics and environmen-
tal conditions for operators. Finally, the “costs” element,
which represents financial resources, is an input for both. Set-
ting active resources leads to define equipment (and usable
devices for operators) and workspaces, in other words, pas-
sive resources and working areas. Therefore, the decision
on the number of active resources to adopt is a direct con-
sequence of the operative issues and determines the layout
definition. This is an important point to check because it can
change all the characteristics of a collaborative workplace.

Case study 3. In case study 3, the “resulting representa-
tion” is examined. Indeed, this part is a direct effect of the
statements carried out in the previous stage. After defining
the context and setting the main elements of the collaborative
workplace, the nodes belonging to the third level of represen-
tation can be the object of an optimization process. In [43],
the authors proposed a modeling paradigm to support layout
designing.

This use case concerns the inspection of welding points for
quality check by means of ultrasonic technology. It involves
an operator and a robot. The operator deals with carry-
ing the workpiece, whereas the robot performs the quality
inspection. Particular attention is given to the working areas
definition. Therefore, after the aggregate representation, all
the main configurations are carried out: active and passive
resources, type of work, task sequencing, type of feeding,
interaction and communication.

According to the authors, the disposal of all the resources
in the workplace is optimized by means of a spatial optimiza-
tion algorithm. By the use of the SGI, all the inputs of the
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node “workspaces” that represents the working areas are dis-
played (Fig. 11). Eleven related elements—used as inputs to
optimize the layout—are recognized: type of working, task
sequencing, HRC, robot, operator, feeding, equipment, HMI,
usable devices, minimum distances, and physical limits. That
makes evident the strict relation of the node “workspaces”
to many other elements inside the collaborative workplace.
The output provided by the interface may help in developing
a suitable optimization algorithm to meet the requirements
of this node.

7 Conclusions

The present research work deals with collaborative robotics
as a complex manufacturing workplace. As evidenced by
the state of the art, the complexity of collaborative work-
places is related to the high level of multidisciplinary and
the non-homogeneity of available information. Indeed, many
research works focus on specific aspects of this field, and very
few tackle it in a comprehensive way. Therefore, this paper
presents a Knowledge-Based Approach in order to manage
this complexity and make knowledge available for use. A
structured framework for collaborative robotics is proposed.
It is composed of the decomposition matrix, which collects
the main elements of a collaborative workplace, and the
adjacency matrix, which reports the relations among these
elements. Then, five domains involved in a collaborative
workplace are identified and their relations are highlighted.
Managing the collected information by means of decompo-
sition and adjacency matrices represents significant support
when approaching this kind of topic. Finally, a multi-level
designing workflow, leading the designer during the appli-
cation of the framework and the development of a whole
collaborative workplace, is proposed.

An interactive tool, named Smart Graph Interface (SGI),
which allows displaying and managing the information and
knowledge around collaborative robotics, is presented to
completion of this acquisition, management and knowledge
exploitation activity. Indeed, the exploitation of knowledge
presented by means of the SGI provides an innovative point
of view on the design and analysis of collaborative work-
places. The knowledge, that is modelled through a matrix
and visualized through a digraph, is a valid support to pre-
dict the impact of decisions on the designing process.

The workflow and the SGI are applied to three case
studies about collaborative scenarios, to prove the benefit
and effectiveness of these tools. It results in an example
of the designing process of collaborative workplaces. The
proposed structural approach confirms that it is possible to
face complexity in a collaborative workplace while manag-
ing principal outcomes.

In conclusion, the approach and the SGI allow for assign-
ing main elements of collaborative workplaces by selecting
them from the domains of interest. According to the selected
scenario, the user can either modify the entities to come out
with alternative configurations in a what if scenario or pre-
dict the impact of modifications on the other elements of the
collaborative workplace.

As further developments, it is important to repeat the defi-
nition of dependencies among the elements of the adjacency
matrix with additional scholars and industrial experts in order
to obtain the generality of the presented results.
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