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ABSTRACT
The presentThis paper deals with collaborative robotics by highlighting the main issues linked to the interaction between humans and robots. A critical study of the in-force standards in force on Human-Robot Interaction (HRI)human–robot interaction and the current principles of theon workplace design for Human-Robot Collaborationhuman–robot collaboration (HRC) are presented. The paper focuses on an anthropocentric paradigm, wherein which the human becomes the core of the workplace in combination with the robot, and it presents a basis for designing workplaces through two key concepts: (i) the introduction of human and robot spaces as elementary spaces, and (ii) the dynamic variations of the elementary spaces in shape, size and position. According to this approachparadigm, the limitation due to thelimitations of a safety-based approach, introduced by the standards, are overcome by positioning the human and the robot inside the workplace and managing their interaction through the elementary spaces. The introduced concepts, in combination towith the safety prescriptions, have been organizedorganised by means of a multi-level graph for driving the HRC designingdesign phase. The collaborative workplace is decomposed inseparated into sublevels. The main elements of a collaborative workplace are identified, and their relationships presented by means of digraphs. 
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Introduction
Industry 4.0 pillars and technological improvementimprovements are pushing manufacturesmanufacturing towards hyper-automated production lines [1],[2],[3]-[3]. On another handHowever, a lot ofmany production applications cannot be doneimplemented without thea human presence; many assembly processes need theto be performed with human presence to be carried outinvolvement [4], [4],[5][5]. These applications, usually based on multi-stage processes [6], are often characterizedcharacterised by a sequence of human- and robot-led stages. 	Comment by Proofed: I have made the change here to avoid the repetition of ‘presence’. Please check that I haven’t changed your intended meaning. 	Comment by Proofed: This paper should be in British English, but your spelling here appears to be in American English. I have made the necessary change here and also elsewhere in the paper. 
Indeed, the topic of many researchers is to assume humans asto be the central actors in manufacturing plants [6],[7],[8]-[8] because they cannot be easily replaced by advanced technologies [6].
According to manyseveral researchers [9],, [10], novel workplaces can achieve higher productive levels by combining: (i) human capabilities (intelligence, flexibility and adaptability) and (ii) robotsrobot characteristics (strength, endurance and accuracy). Moreover, the synergic collaboration of humanhumans and robotrobots leads to new opportunities in ergonomics, such as a reduction ofin bad postures [11] and an increasing in perception of well-being during the workingwork activities [12]. Therefore, a synergic combination of human and robotrobotic skills should be considered as the key approach to improveimproving manufacturing plants. 
Currently, three kinds of workplacesworkplace are used in manufacturing plants: (a) manual workplaces, where an operator performs all the tasks alone; (b) automatic workplaces, where robots autonomously perform all the tasks; and (c) collaborative workplaces, i.e. hybrid workplaces where humanhumans and robotrobots work together by performing common tasks, thus creating a Human-Robot Collaborationhuman–robot collaboration (HRC). 
If on a side,Although workplaces (a) and (b) are common in manufacturing, on another side, workplaces workplace (c) areis still not being implemented due to several for a number of reasons, such asincluding safety, not easythe difficulty of installation, suitability and reliability, and industry not. Industry still lacks confidence in this kind of workplaces. workplace. 	Comment by Proofed: I have made some changes here to clarify the language. Please check that I have retained your original meaning. 
Following the presented trendHowever, hybrid workplace installations could take highhave a large impact on: (i) the processes that are characterised by small -batch of production (repetitive tasks, interaction with a fixed objects);), (ii) the processes that are hard to automate (complex tasks, randomly positioned pieces, skill-based processes);) and (iii) the processes designed to unloadrelieve human effort (non-ergonomic and repetitive tasks, assembly support). 
ObviouslyOf course, safety is the main issue that needs to deal with. Moving amongbe addressed. Within the current standards, it is clear how hard coulddifficult it might be to assure safety in hybrid workplaces; to consideraddress all the standards in this context couldwould be very tiringchallenging and, sometimes, they give only a few indicationsindicators are provided [13],[14],[15]-[15].
A suggest,suggestion to overcome this difficulty, could be is the adoption of some engineering design methods, in order to  that identify applications and requirements that are linked to the contents of the standards. A way can be theOne such method is to use of axiomatic design [16] or graph theory, aswhich will be presented in the following of this workpaper, to find the functional requirements and the design parameters, or the connections amongbetween the different elements of the workplace.   
Moreover, according to the standards, a human presence is usually recognised as an intrusion (see safety -based monitored stopstops [13]) to be avoided whenever it is possible, and the designing of a workplace is safety-based and techno-centric, preferring with a preference for static workspaces. All the efforts go towardseffort goes into limiting the human presence insidein the workplace. Potential damage for humanharm to humans is limited through hazard controlcontrols by means of protective stopstops, speed reducingreduction and control system performance [14],, [15]. All these issuesprecautions are mandatory goalsrequirements. 
In hybrid workplaces, the usual approach consists inof designing the workplace starting fromwith the robot. Then, the The human–robot interaction between human-robot (collaborative operations) is then selected depending on the tasks, thenand the workplace spaces are defined (operative and collaborative space). In the endFinally, the operator is added to help the robot to perform all the tasks that it cannot carry out by itselfalone because of the lack inof technology. This is the so-called “‘techno-centric” centric’ design, i.e. all aspects are focused on robotsthe robot. Moreover, in the standards, there is no mention of a "‘human workspace",workspace’, a dedicated space where only the human presence is allowed.	Comment by Proofed: In British English, single quotation marks are preferred. 
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[bookmark: _Ref19875234]Figure 1. Collaborative workspaces according to ISO Standardsstandards
The cognitiveCognitive stress (mainly related to tracktracking the robotrobot’s movements) is another important topic in this field, and few researches were made towardlittle research has been done in this direction [17]. Whenever a human is involved in these workplaces, issues as ergonomic, cognitive and safety, issues are core topicsthe main areas of focus for a “the ‘human-centred design”.design’. The evaluation of the operatoroperator’s stress levels [18] is a topic that needs to be studied to improve the quality of the work. Indeed, HRC represents an opportunity to improve not only the production, but even the working conditions of the operators, who can quit are liable to resign from heavy and repetitive works. Physicjobs. Physical improvements need to be accompanied by mental improvements, so that the operators can feel comfortable working with a robot. There is no trust andor confidence within something they do not knowunderstand. 
In the literature, many researchers are studyinghave studied different approaches [19],, [20] for designing human-–robot workplaces based on: (i) the different modalities of interaction and (ii) workspaces characterizedcharacterised by access properties. In [18], and [19], the authors define three dynamic areas with selective access (safe, warning and unsafe areaareas) and the way the robot system should react to the human presence. In [20], more details about levels of interaction levels are provided, and the static and dynamic space concepts wereare introduced. They move from a safety-based approach to one based on interaction assessment. A “Human Centred Design”A ‘human-centred design’ [21] could be adopted to overcome the current framework. ThenceHence, a new design prospective design based on an “‘anthropocentric design”design’ approach is proposed: humans and their interaction with the robot should be at the core of the workplace and design process should be human and his interaction with the robot.	Comment by Proofed: I have changed this to the plural to maintain gender neutrality. 
Furthermore, with athe large use of automated guided vehiclevehicles (AGV) and intelligent guided vehiclevehicles (IGV), standards for collaborative workplaces must face not only address static robots. The use of autonomous guided vehicles (AGVs) is increasing. Generally, they are used for the internal and external transport of material, but they could also be employed to automate processes, such as in the reverse engineering of large objects [22]. 
Mobile robots (on rails or carried by autonomous systems) continuously move the reference frame and, therefore all the spaces, workspaces are time-constantly changing. The definition of dynamic space is a very challenging topic [19],[23], [23]. 
In this paper, the basis offor an anthropocentric design is highlighted, focusing on two main topics: (i) the definition of elementary spaces for collaborative workplaces; and (ii) the dynamic variations of the elementary spaces in order to lead the designer towards the creation of a collaborative workplace and the layout definition. Moreover, a multi-level graph-based approach for the design of an HRC workplace is presented for driving the HRC design phase.
In the followingrest of the paper, Section 2 introduces the standards and literature definitions; Section, Section 3 presents the proposed spaces in Human-Robot Collaboration (HRC); Section and Section 4 presentsdescribes how the proposed approach influences the collaborative operations; in Section. In Section 5, an approach withusing graph theory is presented;, and, finally, the conclusions are depictedset out in SectionSection 6.
Background definitions
The composition of the workplace, provided by the ISO standards [13],[14],[15]-[15], is the following (Figure 1):
· ‘Maximum spacespace’ is the space that can be swept by all the whole robot system, made by robotup of the robot’s moving parts, the end- effector and the workpiece.	Comment by Proofed: I have made some changes here to clarify the language. Please check that I have retained your original meaning. 
· ‘Safeguarded spacespace’ is the space limited by the safeguarding perimeter.
· ‘Restricted spacespace’ is a part of the maximum space limited that is restricted by limiting devices, and it establishes a limit not overcomingthat cannot be exceeded.
· ‘Operational spacespace’ is a part belongs toof the restricted space that can be really used to perform all motionsthe actions commanded by the task programme. 
· ‘Collaborative workspaceworkspace’ is the space, within the operating space, where all the whole robot system (robot arm, end- effector and workpiece) and a human can concurrently perform tasks during production operationoperations.
BesidesFurthermore, the collaborative operations [13] can be summarizedsummarised as follow (Figure 2):
· Safety-rated monitored stop (SRMS): the robot ceases all motionmovement before a human enters the collaborative space; after the human has exited the collaborative workspace, the robot can resume the motionits movements.
· Hand-guiding (HG): motion commands are transmitted to the robot system either directly by a human directly or through a hand-operated device; the task is carried out by manually actuating guiding devices.
· Speed and separation monitoring (SSM): the robot system and the operator may move concurrently in the collaborative workspace maintaining the protective separation distance to getfor risk reduction; if the separation distance falls below the protective separation distance, the robot system stops; if the protective separation distance decreases or increases, the speed of the robot system decreases or increases correspondingly and vice versaaccordingly.
[image: ]
[bookmark: _Ref56770931]Figure 2. Collaborative operations within ISO/TS 15066 (also cited in [1])	Comment by Proofed: Amendments for Figure 2.

Only the first word in each caption needs to be capitalised, e.g. ‘Operator uses Devices to transmit Motion’ should be ‘Operator uses devices to transmit motion’.

‘Robot motion ceases before entering the collaborative workspace’ would be better as ‘Robot’s motion stops before a human enters the collaborative workspace’.

‘Reducing the separation distance, the robot speed goes down’ would be better as ‘By reducing the separation distance, the robot’s speed decreases’. 


· Power and force limiting (PFL): physical contact between the robot system (including the end- effector and workpiece) and the human can occur intentionally or unintentionally. 
In this paper, human-–robot interactions are classified based on two principles: workspace sharing and time sharing [18],, [20]. ItThey can be used to providedefine a definition of “‘collaborative environment” for environment’ in terms of a collaborative interaction between humanhumans and robotrobots:
· Workspace- sharing: robotrobots and humanhumans sequentially perform their tasks sharing the same workspace inat different times.
· Time- sharing: robotrobots and humanhumans concurrently perform their tasks without sharing the workspace.
Time- sharing and workspace- sharing can only exist within the collaborative space. 
Therefore, a collaborative environment can be enabled whenever a human and a robot can concurrently perform their tasks in a common space (space and time sharing).
Spaces in human-–robot collaboration
OnceHaving defined the collaborative environment, whenin which the human and robot can work together, thethis proposal isnow introduces the introduction of two elementary spaces, each one dedicated respectively to either the human andor the robot, in order to giveprovide a definite spatial collocation, whereas the interaction. Interactions can occur by introducing a composed space that come fromthrough the combination of the elementary spaces (Figure 2).	Comment by Proofed: Should this be figure 3?
Elementary spaces
The elementary spaces, wherein which the human and robot can respectivelyeach work, are the following: 
· ‘Human spacespace’ (H) is a space dedicated to the human and includes all the stuffequipment and the necessary space for humanhumans to perform histheir tasks.	Comment by Proofed: I have replaced ‘stuff’ with ‘equipment’, as ‘stuff’ is too informal for academic writing. Please check that this retains your original meaning. 
· ‘Robot spacespace’ (R) is a space dedicated to the robot system and includes all the space necessary for the robot to execute theits movements and perform its tasks.
Such spaces have their own features and properties that will be explained in the following.below. The combination of the elementary spaces leads to the composed spaces.
Composed spaces
[image: ]
[bookmark: _Ref56770943]Figure 3. Significant spaces related to different human-–robot interactioninteractions: H) Human space, R) Robot space, C) Collaborative space, P) Restricted perimeter, S) Safeguarded space, O) Operational space (H+ + R+ + C).
The composedComposed spaces are made by the combination of the elementary spaces as followfollows (Figure 3):
· ‘Collaborative spacespace’ (C) is the dynamic intersection of the elementary spaces (robot space and human space). 
· ‘Operational spacespace’ (O) is the combination of the human space and robot space and represents the space strictly necessary to carry out all the operations; it includes, including the collaborative space.
· ‘Restricted perimeterperimeter’ (P) is a perimeter around the workplace; a violation leads to a protective stop ofon all the operations.
· ‘Safeguarded spacespace’ (S) is the space delimited by the safeguarded devices.
FeaturingFeatures of existing spaces
By using sensors and cams, it is possible to dynamically change the elementary spaces in terms of shape, size and position:
· Position: related to the human and robot,
· Size: related to relative distance and speed,
· Shape: related to movingthe direction of movement and task.
 Therefore, the spaces are no longer static, but they are going to can adapt dynamically to the task. The control system can modify them followingin accordance with the task sequence or reactingin reaction to an unintended situation.
Space position is strictly related to the position of the human and robot position during the task execution. Size is affected by the separation distance and the relative speed between the human and robot at any one time-by-time. Shape is affected by the relative moving direction of movement of the human and robot time-by-at any one time and byin accordance with specific task tootasks.
As human and robot spaces can change during a task, the collaborative space can change as well.
[bookmark: _Ref39335617]Table 1. Comparation tableTable of comparison
	ISO Standards
	Degree of interaction
	Proposed approach

	SRMS
	No interaction
	Disjointed areas

	HG
	Exploitation
	No robot area

	SSM
	Coexistence
	Intersection of areas -– no contact

	PFL
	Collaboration
	Intersection of areas – contact allowed


Starting fromwith the space definitions and their properties, the collaborative operations and rules for enabling the human-–robot interaction (HRI) can be defined.	Comment by Proofed: I have removed the initialism ‘(HRI)’ because you haven’t used it elsewhere. If used, initialisms and acronyms should be introduced the first time a term is used and then throughout. 
Description of the human-–robot interactions based on Elementary spaces
The current ISO standards for HRC describe only the behaviour of the robot according to different scenarios. 
Indeed, the four collaborative operations (sectionSection 2) represent a different degree of interaction between the human and robot (Table 1):
· SRMS: no interaction,
· HD: exploitation,
· SSM: coexistence,
· PFL: collaboration.
These collaborative operations can be used to better explain the different kindkinds of interactions with theinteraction in this proposed approach.
Therefore, according to the definitions of the elementary and composed spaces (sectionsections 3.1 and 3.2), the collaborative operations in the standards can be reviewed and adapted followingto follow a task-oriented approach; the use of the proposed spaces is described in the following. Then, itbelow. It will then be made clear how the spaces-based approach can help into define the layout definition of the workplace leading to thea collaborative environment.
Safety-rated monitored stop (SRMS)
In SRMS, there is no collaborative space as well asor collaborative operations. Only when robot is on stand-by mode, The human can approach the workplace. The only when the robot is on stand-by mode. Any violation of the robot space generally causes a protective stop of the robot system; the human is seen as an intruder. Therefore, there is no a real interaction between the human and robot and the safety is guaranteed by limiting the collaboration. 
HumanThe human space and robot space are, ideally overlapped, overlapping and alternatively activated (workspace- sharing). There is no time- sharing, and a protective stop occurs to enable the human to enter the workplace by switching between the human and the robot space. 
In this context, all the workplace features seem to belong to the robot. There is no space for the human operator. The layout definition is penalizedhindered by this lack inof information since it is not clear to the designer cannot know where puttingto place the human operator (even though SRMS may not consider the human presence).
FollowingAccording to the proposed approach, the human and robot spaces are simultaneously active but disjointed. Both human and robot have their own domain where executingthey execute their tasks. 
IntersectionAn intersection of spaces is forbidden during the work (not permitted while working (top of Figure 3, upper),), but the human presence is consideredtaken into account during the work and the layout designingdesign phase. This information helps the designingdesign process and allows optimizationfor the optimisation of the provided spaces.
Hand- guiding (HG)
In an hand-guidingHG operation, the robot can be seen as a tool in a human’s hands. There is no robot space or human space because they cannot execute their tasktasks separately; in this case, the operational space is all the space necessaryrequired to carry out the task.
However, hand- guiding is not a properan actual collaborative operation since the human carries out all the tasks by handling the robot as a tool. There are no access properties for the working places, but there are switching procedures, in order to guarantee human safety and enable the interaction.
Although such operation isoperations are characterised by both workspace- sharing and time- sharing, it appears incorrectlyseems incorrect to consider it liketo be a collaborative operation because it is characterizedcharacterised by an “exploitation”‘exploitation’ of robot capabilitythe robot’s capabilities by the human (Table 1). 
In this particular case, there is not a properno actual robot space, even though this modality is rarely used alone, but in combination with the automatic mode. The robot system switches to this modality in order to permit a human to take the control of the robot.
Thus, itthis can be defined a motionas the robot’s domain of robot during the collaboration and is characterised by two sub-domains: (i) the autonomous motion domain (outside the collaborative workspace);) and (ii) the guided motion-movement domain which corresponds, corresponding to the collaborative workspace (Figure 2, lower).(bottom of Figure 3). The designing of the spaces helps to define the layout definition because of the preliminary allocation of resources for the human and robot.
Speed and separation monitoring (SSM)
In SSM, the human and robot can perform their tasktasks independently, sharing time and workspace. SeparationThe separation distance between the human and robot needs to be monitored in real-time; a robot’s speed is adjusted according to the safety rules and depending on the distance [13]. As for SRMS, direct and indirect contacts are forbiddennot permitted; there are different safety distance levels, and the violationa breach of robota robot’s nearest perimeter causes aactivates the robotic system’s protective stop of the robot system.
According to the current definition, the robotrobotic system is the core of the workplace, where it can perform its own tasks, whereas the human operator can move around it, in an unspecified area, and notwithout approaching over awithin certain limitlimits.
With the proposed approach, based on elementary spaces, the designer can provide toa human and a robot with their own space where they can perform their tasks. During the interactionany interactions, such spaces can intersect and overlap, generating different configurations, ( (the middle of Figure 3, centre).).
Using dynamic elementary spaces, it is possible to improve the interaction between humanhumans and robotrobots by adapting the position, size and shape.
Power and force limiting (PFL)
In Power and force limitingPFL, direct and indirect contacts are allowed. All necessary active and passive safety features necessary are applied so that humanhumans and robotrobots can carry out their tasks, side by side, in a synergic and dynamic way. This represents thea higher level of interaction and, maybepossibly, the most dangerous.
[image: ]
[bookmark: _Ref56771030]Figure 4. Multi-level approach
Although this operation represents a complete HRC, it is not widely used due to the high levels of the operators’ cognitive stress for operators (i.e. not a predictable robot path) and the challenge to guaranteeof guaranteeing an appropriate level of safety level (avoiding collisions and the balancing force).
Furthermore, the workplace design is towardleans towards the robot system; the human operator can move around and work close tonear the robot as a host. 
In a whole human robot collaborationcomplete HRC, the layout design process of the layout should consider humanhumans and robotrobots as peers. To improve power and force limitingthe PFL, both humanhumans and robot,robots should be efficiently accommodate accommodated by not limiting their capability by capabilities through a restrictive safety-based design. Therefore, a space dedicated to humanhumans and another dedicated to robotrobots should be clearly defined during the workplace design. Such spaces can be combined in order to better perform all the tasks.
The elementary spaces can intersect (collaborative space) and humanhumans and robotrobots can enter into the collaborative space together to perform their tasks (Figure 3, (bottom). of Figure 3).
Interactions: ISO vs Elementaryelementary spaces.
A comparison between the current definition (ISO Standardsstandards) and the proposed approach can be donemade. Table 1 summarizessummarises the innovations introduced by the elementary spaces.
[bookmark: _Hlk57372441]According to the ISO standards, the collaborative operations represent a degree of interaction or a modality of operation (HG),); thus, the designing process occurs around the robot;. Instead, by adopting the elementary spaces, the designing process is carried out around the couple human-–robot pair and the attentionfocus is switched towardtowards the human. 
Therefore, the basis for the design of the workplace layout becomes the identification of the human and robot spaces. 
[bookmark: _Ref23155130]Table 2. Adjacency matrix for the HRC workplace at the second level.
	-
	PL
	C
	E
	I
	EC
	M
	W
	A
	HI
	R
	PS
	D

	PL
	0
	0
	0
	0
	0
	0
	1
	1
	0
	0
	1
	0

	C
	0
	0
	0
	0
	0
	0
	1
	1
	1
	0
	1
	1

	E
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	1

	I
	0
	0
	0
	0
	0
	0
	1
	0
	1
	1
	0
	1

	EC
	0
	0
	0
	0
	0
	0
	1
	0
	1
	0
	0
	0

	M
	0
	0
	0
	0
	0
	0
	1
	1
	1
	1
	1
	0

	W
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	1
	1

	A
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	1

	HI
	0
	0
	0
	0
	0
	0
	1
	1
	0
	0
	1
	1

	R
	0
	0
	0
	0
	0
	0
	1
	1
	1
	0
	1
	1

	PS
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0


Furthermore, since the designingdesign process is madeperformed around the couple human-–robot, the pair, their interaction becomesis placed at the core of the workplace, enabling thea collaborative environment.
[image: ]
[bookmark: _Ref56771041]Figure 5. Second -level digraph representation for an HRC workplace; initial nodes are circled in red
workplace multi-level Graph-based modelingmodelLing
Workplace design involves a multitude of requirements, standardsstandard constraints, technological constraints and design parameters characterised by intertwined relations. 
All these elements causeresult in a dense network of relationships that is quite difficult to track and respect in the design phase. This aspect is more significant in the context of anthropocentric design due to a higherthe larger number of relations related to human space. 
Dealing with a such a multitude of relations requires a decomposition approach able to deepdeepen and build step-by-step the relations step by step.
Patalano et al. [24] proposed a multi-level approach based on graphs to facein the design of complex productproducts using di-graph for managinga digraph to manage and trackingtrack the componentscomponent relations.
Graph theory  [25] provides a lot ofmany efficient tools to record and manage a hugelarge amount of information as well as to track their relationships. It provides an abstraction from the real model preserving all dependencies and relations amongbetween the elements involved. Graph theory is characterised by a set of nodes and edges (G={N,E}) [26], and it uses arrayan organogram for data organizationorganisation. The most significant matrix is the adjacency matrix that highlights the connection amongbetween the nodes; the elementelements of 1 or 0 meansmean the row element is either related to the column element, or not. Direct graph (digraphgraphs (digraphs) [27] were used in this paper. The nodes are connected by means of arrows that explain the relation between the two nearbynearest nodes.
Using a multi-level graph-based approach, it is possible to easy organizeeasily organise, exploit and manipulate, the various elements of the workplace, keepinghelping to keep track of them. Indeed, graphs are used in several fields, such as networks of people, electronics, ergonomics, and engineering, and others, because of their versatility [28].
In the context of anthropocentric design, we have proposed three levels of detailsdetail (Figure 4) wherein which nodes are associated towith different elements depending to the on their level of belonging level while, and directed edges always represent the relations.relationships. In this abstract model of a workplace, the characterizationcharacterisation of the workplace comes from the combination of its basic elements, identified as nodes [25], where human intervention stands out from the beginning of the design process as a central element of the network, pointing out onemphasising its importance. Thus, the human presence is not moreno longer seen only as a constrainconstraint, for safety reasons, but, in conjunction with the robot, as the core of the workplace because of their interactionthe interactions. 
The whole collaborative workplace is assumed to be a first -level node. The second level is composed byof functional elements defined by a logical decomposition. Such elements are namedcalled second -level nodes: 
1. (PL) Physical Limit: physical limit of the cell
2. (C) Clearance: minimum distances required
3. (E) Ergonomics: ergonomic requirements 
4. (I) Interaction: modality of interaction
5. (EC) Environmental Conditions: ventilation, weld sparkwelding sparks, etc.
6. (M) Material: material to be worked and tools
7. (W) Workspaces: areas inside the workplace
8. (A) Access: access routes and paths
9. (HI) Human Intervention: operator intervention
10. (R) Robot: robot characteristics
11. (PS) Perimeter Safeguarding: workplace border
12. (D) Devices: requirements of manual devices
AdjacencyThe adjacency matrix for the second level is represented in Table 2 and theirits graphical representation is shown in Figure 5.
The first six elements are source nodes because they are containers of information that contribute to the definition of other nodes, but they are not influenced by any others other nodes in the current representation. Indeed, their information derivesis derived from the outside the matrix (standards, task analysis, design decisions or risk assessment).	Comment by Proofed: I have made this change here to clarify the language. Please check that I have retained your meaning. 
Each node can be further decomposed in the broken down into third -level nodes in order to refine their knowledge content. 
AssumingFor example, the “workspaces”‘workspaces’ (W) node (node number 7 in the set of second -level nodes), it) can be decomposedbroken down as follow:
[bookmark: _Ref23158039]Table 3. Adjacency matrix for workspaces (detail of the level -three detail)
	
	
	WORKSPACES (W)

	
	
	OS
	CS
	HS
	RS
	L/U

	WORKSPACES (W)
	OS
	0
	0
	0
	0
	0

	
	CS
	0
	0
	0
	0
	0

	
	HS
	1
	1
	0
	0
	0

	
	RS
	1
	1
	0
	0
	0

	
	L/U
	1
	1
	1
	1
	0


· Human space (HS): space where the operatoroperators can perform histheir tasks during the operations.
· Robot space (RS): space where the robot system (including the end- effector and workpiece) can perform its tasks during the operations.
· Load/Unload space (L/U): space required to load and unload supply material.
· Collaborative space (CS): space obtained from the intersection of the HS and RS spaces; within this space, contacts between robot and operator are allowed.
· Operational space (OS): space required to perform all the whole task; it is the combination of the human and robot space and contains the collaborative space. 
The connections amongbetween the third -level nodes are highlighted in Table 3, and the graphical representation is shown in Figure 6. It is easy to see that some are source nodes, whereas otherothers are sink nodes. Indeed, in this representation, the starting point is the load/unload space; the operational and collaborative workspaces are sink points and are the lastfinal steps ofin the decision-making process in this subgraph.
This process should be replicated for all the second -level nodes in order to obtain a complete matrix that highlights the connection amongconnections between all the nodes.
The result of this work is a matrix that can be filled according to the specific application and task. 
TheThis tool’s great utility and versatility of this tools areis due to theits easy organizationorganisation and the possibility of using a set of existing or ad-hoc developed algorithms. 
Conclusions
In the presentthis paper, the contents of the ISO international standards for HRC workplaces are illustrated and the basis for an anthropocentric design approach as key to fully enabling the fully HRIhuman–robot interaction and the collaborative environment is highlighted. 
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[bookmark: _Ref312437359]Figure 6. Third -level digraph representation for workspaces 
Two main elements are tackled: (i) the introduction of two elementary spaces (human and robot spaces) and (ii) their dynamic variations in terms of their shape, size and position. Besides, Furthermore, the human is assumed to be the key to enableenabling a real collaborative relationship. The identification of dedicated spaces for humanhumans and robotrobots can help to manage their interaction and to set them inside the workplace, overcoming the limitation duelimitations connected to a safety-based approach, which has been introduced by the standards. Therefore, the presented approach is oriented towardtowards the layout designingdesign process thanks to the use of elementary spaces. The purpose to achieve is to enable a collaborative environment where humanhumans and robotrobots can work in a synergic way.
The proposed approach can leadguide the designingdesign phase of the collaborative workplaces because it points to satisfysatisfies both the human needs, through an ergonomic workplace designingdesign, and the productive needs, because of the consideration of humangiven to humans and robotrobots together.
Indeed, innovative workplaces need design approaches that have to move from a safety-based design to a collaboration-based design. In thethis new context, the human shall beis considered asto be an element that improves the productivity capacity, instead asof an intruder. In this scenario, it becomesis necessary managingto manage the concepts introduced above, together towith the safety prescriptions about safety contained in the standards. For this reason, a multi-level graph-based approach has been used in order to: (i) define the functional requirements, linked to the design parameters, and associated towith HRC and (ii) manage the dense netnetwork of interdependencesinterdependencies to drive the designingdesign process. Starting fromwith the contents of the standards, the main elements of a collaborative workplace were identified. Then, aA decomposition from athe first level was done.then carried out. For the second -level nodes, a categorizationcategorisation of the elements that composemake up the workplace and their relationship arerelationships was proposed. Finally, an example of third -level decomposition presentspresented the main areas that composemake up the layout.
Therefore, theThus, human –robot collaboration can open interesting scenarios for the future of manufacturing future, leading to a higher level of flexibility and customization. Following this trendcustomisation. As a result, in the nextnear future, HRC will likely be widely used in private and public fields. 
The futureFuture perspectives point to the validation of collaborative workspaces and the possibility of dynamically updating the working areas by using tools and methods, such as machine -learning algorithms and digital twintwins.
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