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In the transformative landscape of Industry 4.0 and the impending transition to Industry 5.0, the paradigm of
collaborative robotics is emerging as a cornerstone, combining human and robotic distinctive abilities. This
intersection is leading to a new era of "human-centric’ manufacturing, where the integration of human with
robots is not just an option, but a need. In particular, the shift towards Industry 5.0 highlights the return of the
human element to technological processes, emphasising adaptability, customization, and collaboration between

Industry 5.0 humans and machines.

Manufacturing

In this context, this study introduces the Collaboration Scale, a metric designed to evaluate the collaborative

capabilities of robotic systems within this human-centred framework. This scale provides clear levels of
collaboration across five foundational dimensions: Situation awareness, Adaptivity, Communication, Learning, and

Mobility.

The proposed scale has three objectives: (i) establishing a common language for practitioners and researchers,
(ii) promoting innovation and standardisation in collaborative robotics, and (iii) providing a practical tool for
assessing and comparing the collaborative capabilities of different systems.

The framework aims to bridge the gap between current capabilities and future aspirations in robotics, while
also promoting a human-centric approach for Industry 5.0.

1. Introduction

The evolution of industrial automation has embarked on a revolu-
tionary path with the advent of Industry 4.0, marking the inception of
smart factories and the seamless integration of cyber-physical systems
[1]. As we stand on the cusp of transitioning into Industry 5.0, the focus
shifts towards re-integrating the human element into the technological
systems, emphasizing a human-centric approach in manufacturing
processes [2-4]. This transition highlights the necessity for a novel
manufacturing paradigm that is not only efficient but also adaptable and
responsive to human requirements [5]. In this view, Human-Robot
Collaboration (HRC) necessitates a redefinition where robots are not
mere tools but partners capable of working alongside humans to achieve
shared goals [6].

HRC has been extensively discussed in the literature, with numerous
studies identifying different levels of collaboration between humans and
robots [7-9]. These levels often focus on the interaction dynamics, task
allocation, and the degree of autonomy shared between human and
robotic agents. However, there has been comparatively less emphasis on

the inherent capabilities of collaborative robotic systems and how they
influence their ability to collaborate effectively [10,11].

The objective of this work is to present a collaboration capability
scale for collaborative robotic systems. The concept of collaboration
capability emerges as a critical factor for enhancing HRC. Collaboration
capability refers to the intrinsic potential of a robotic system to be
collaborative. By examining this concept, it can be better understood
how cobots can contribute to collaborative tasks and how they can be
improved to facilitate seamless and effective HRC. The focus on
collaboration capability shifts the perspective from solely classifying
levels of interaction to analysing the aspects that enable collaboration.

In this view, the following Research Question is addressed in this
study: What are the dimensions that define a robotic system’s collaboration
capability, and how can these be used to measure and quantify it?

In order to address this research question, this paper introduces the
Collaboration Scale, a novel framework designed to assess the collabo-
rative capabilities of industrial collaborative robotic systems. This scale
offers a multi-dimensional approach to quantify and evaluate the levels
of collaboration between humans and robots. The Collaboration Scale is
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based on the analysis of five dimensions: Situation awareness, Adaptivity,
Communication, Learning and Mobility. By discretizing these dimensions
into multiple levels, the scale provides a systematic method to evaluate
the collaborative potential of robotic systems, highlighting areas of
strength and opportunities for improvement. This framework may serve
as an initial approach towards a standardized assessment of collabora-
tive systems.

This paper is structured as follows. Section 2 delivers a literature
review, focusing on HRC, collaboration capability, and the key re-
quirements for effective HRC systems. In Section 3, the methodology
behind the development of the Collaboration Scale is detailed. Section 4
presents the Collaboration Scale, describing its dimensions, the levels
within each dimension, and the criteria for assessing collaborative sys-
tems. Section 5 describes the different levels of collaboration capability
as defined by the scale, providing a framework for categorizing robotic
systems. A case study exemplifying a real-world application of the
Collaboration Scale is also reported in Section 5. The broader implica-
tions of this Collaboration Scale for the field of collaborative robotics are
discussed in Section 6. Finally, Section 7 offers concluding remarks,
summarizing the paper’s key points and suggesting directions for future
research.

2. Conceptual background
2.1. Human-robot collaboration

HRC is a defining paradigm of Industry 5.0 in promoting human-
centered processes [12]. HRC involves combining the skills of humans
with those of robots to achieve a common goal (e.g., assembling a
product) [13]. Robots involved in this type of interaction are called
collaborative robots and are safety standardized according to ISO 15066
[14]. Unlike classical industrial robots, collaborative robots are
designed to share the same workspace with humans and be able to
physically interact with them thanks to the integration of safety devices
that limit collisions (e.g., force limiters) [11,15]. Although the payload
of cobots is usually smaller than that of classical robots, they allow the
workstation layout to be more easily reconfigured, thus offering greater
flexibility of production processes [16].

Over the years, collaborative robots have been implemented in
various types of manufacturing activities. Most of currently available
applications of collaborative robotics are concerned with performing
tedious tasks, such as material handling, palettizing, machine tending,
polishing, and welding [16,17]. Assembly is one of the processes where
collaborative robotics usually finds the most potential [17]. The ability
to work safely close to humans allows to provide greater support, both
physical and cognitive, to the operator during the different stages of an
assembly [18]. Another interesting area of application for collaborative
robotics concerns quality inspection [19,20]. In this process, cobots
equipped with suitable sensors can support the operator in identifying
possible product defects. Working together with the cobot can cogni-
tively support the operator and mitigate possible errors due to reduced
vigilance [21].

2.2. Collaboration capability

Collaboration is an interaction paradigm where multiple entities
work together to achieve a shared goal in a coordinated and accom-
modating manner [22]. In HRC, collaboration encompasses the actual
process of joint work between humans and cobots, which is influenced
by factors beyond the system’s inherent abilities, such as environmental
conditions, human factors, and organizational culture [23].

Collaboration capability represents the set of capabilities of an enti-
ty—whether an individual or a robotic system—to effectively engage in
collaborative activities [24]. This includes the capabilities to understand
shared objectives, adapt to changing circumstances, and harmonize
skills and resources to work seamlessly towards common goals [25]. In
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the context of collaborative robotics, enhancing collaboration capabil-
ities involves the implementation of a set of technologies: the develop-
ment of intuitive interfaces that facilitate communication between
humans and robots, the integration of sensors and algorithms that
enable robots to perceive and respond to human counterparts, and the
implementation of robot-behavior protocols to protect humans and
proactively engage during the interaction [26]. By enhancing collabo-
ration capabilities, collaborative robotic systems can improve human
efficiency, enrich job satisfaction, and unlock new levels of productivity
and innovation in manufacturing industries [27].

2.3. Collaborative system requirements

The ability of cobots to interact closely with humans marks a de-
parture from traditional robotic applications, emphasizing safety, flex-
ibility, and collaboration [28]. The broader concept of collaborative
robotics extends far beyond its physical capabilities, necessitating a view
of its integration within the manufacturing ecosystem [8].

To fully exploit the benefits of collaborative robotics, it is necessary
to view cobots as integral components of a comprehensive "collaborative
system" [11]. A collaborative system is defined as a system intended to
directly interact with humans that may include collaborative robots and
their supporting technology (e.g., external sensors, computer systems,
and external devices). This section highlights the main studies that
explored and identified critical requirements and evaluation tools for
effective and efficient collaborative systems.

Villani et al. [16] proposed to focus on three main aspects for
effective HRC in industrial settings:

e Safe Interaction. It encompasses the implementation of various
collaborative operating modes, i.e., Safety-rated Monitored Stop
(SMS), Hand Guiding (HG), Speed and Separation Monitoring (SSM),
and Power and Force Limiting (PFL).

o Intuitive Interfaces. It involves developing natural and intuitive
communication and programming interfaces such as walk-through
programming and programming by demonstration, which allow
non-experts to easily teach robots tasks.

e Design Methods. It includes task planning and allocation, the appli-
cation of appropriate control laws to manage the robot’s behavior
and responses, and the integration of advanced sensors to provide
real-time data and feedback.

Wang et al. [9] conceptualized Symbiotic HRC and delineated the
prerequisites for Symbiotic HRC Systems (SHRCS):

e Autonomy. In SHRC systems, both human and robot agents should be
capable of assuming leadership and roles, adapting dynamically
throughout the collaboration process.

e Context-awareness. The robot ability to detect the status of the
process and the working environment is crucial for successful
collaboration.

e Communication. SHRC involves constant interaction between human
and robot agents. Multimodal and bi-directional communication,
encompassing verbal, non-verbal, and gestural cues, facilitates the
exchange of information and understanding between agents.

e Digital Twin. A digital representation increases situation awareness,

allowing both human and robot agents to coordinate their shared

goals, roles, plans, and activities.

Learning. Continuous feedback enables both human and robot agents

to improve their performance and adapt their strategies based on

new information or experiences, ensuring the system remains effec-
tive and efficient over time.

Safety. The safety of the human operator within the shared envi-

ronment is required for both predictable and unforeseen

circumstances.
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Gervasi et al. [13] presented a comprehensive framework to assess
and compare different HRC configurations, highlighting the various
latent dimensions that characterize the HRC. The framework is designed
to provide a systematic approach to understanding the complexities of
human-robot interactions and collaborations. In detail, Gervasi et al.
[13] extended the model presented by Goodrich and Schultz [29],
identifying the following dimensions to evaluate HRC:

o Autonomy. It is ability of a robot to sense its environment, plan based
on that environment, and act upon that environment with the intent
of reaching some task-specific goal without external control.

e Information exchange. It represents the manner communication be-
tween the human and the robot takes place.

e Team organization. It refers to the organization of the entities
involved in the HRC.

e Adaptivity and training. It concerns the adaptability and instruction of

cobots, as well as the operator training needed.

Task. It contains information on the task to be performed (i.e.., field

of application, safety, task organization, and performance).

e Human factors. It concerns the assessment of operator physical and
psychological well-being and user experience.

e Ethics. It refers to evaluating potential ethical hazards derived from

the introduction of HRC.

Cybersecurity. It represents the ability of protecting information by

preventing, detecting, and responding to cyberattacks.

Cohen et al. [30] identified various essential capabilities required to
enable collaboration in collaborative systems. These capabilities
include:

e Safety. It concerns the adaptive strategies implemented on a collab-
orative system to ensure human safety.

e Input. It represents the ability of the system to receive and process
information from various sources such as sensors and other systems,
but not from human inputs.

e Mobility. It is the ability of the collaborative system to move and
navigate within its environment.

e Actuation. It deals with the ability of the system to perform physical
actions and dynamically correct them.

e Processing and Status Tracking. The ability of the system to process
information, make decisions, and keep track of the current state of
the collaboration.

o Intelligence. It represents the awareness degree of the system con-
cerning itself and the surroundings.

e Interaction (connectivity). It refers the ability of the system to
communicate and collaborate with other systems, devices, and
human operators.

e Human Support. It concerns with the ability of the system to support
human operators in their tasks, both physically and cognitively, by
providing appropriate clues or taking initiative when needed.

According to Barravecchia et al. [11], collaborative systems’ tech-
nological feature that significantly enhance HRC are:

e Sensing and Perception Systems. These systems provide robots the
capability to comprehensively perceive their environment, detect
objects, and interpret the actions of human operators.

e Adaptive Control Systems. These systems empower robots to dynam-
ically adjust their behaviour in response to evolving conditions and
the actions of human operators.

e Dialogue Systems. These systems are instrumental in enabling intui-
tive and natural interactions and communication between humans
and robots.

e Safety Systems. These systems include mechanisms to prevent acci-
dents and protocols to handle any unforeseen events to ensure the
safety during HRC.
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In summary, the effective implementation of collaborative systems
necessitates a holistic approach that encompasses a variety of di-
mensions. By integrating these critical requirements, industries can fully
leverage the potential of HRC to enhance efficiency and productivity.

3. Collaboration scale development

The development of the Collaboration Scale was guided by a meth-
odology aimed to create a multi-dimensional framework for evaluating
the collaborative capabilities of robotic systems. The development was
organised as follows:

1. Literature review. The initial phase involved a review of existing
literature on HRC, collaborative robotics, and related technological
advancements. This review allowed to identify the key dimensions
that are critical for effective collaboration between humans and
robots.

2. Expert consultation. Consultations with experts in the fields of ro-
botics, automation, human factors, and industrial engineering were
conducted to refine the dimensions of collaboration, ensuring they
were comprehensive and aligned with current industry needs and
future trends.

3. Identification of dimensions. Based on the insights gained step 1 and
2, five foundational and general dimensions were identified as
essential to the collaborative capabilities of a system: Situation
awareness, Adaptivity, Communication, Learning and Mobility. It is
worth noting that different authors associate different terms for the
same concept. Therefore, Table 1 provides a concise description of
the identified dimensions of the Collaboration Scale and highlights
their connections with those related to the collaborative system ca-
pabilities proposed in previous frameworks addressing HRC. It is
worth noting that different authors may associate different terms for
the same concept or decline the same concept with different em-
phases. A detailed description of the connection between the iden-
tified dimensions and those in previous frameworks is provided
below:

o Situation awareness. It represents the capability of the collaborative
system to perceive and interpret its operational environment. The
“Design Methods” dimension of Villani et al. [16] emphasizes the
need to integrate advanced sensors to obtain real-time data, which
is a key aspect of understanding the surrounding environment.
“Context-awareness” and “Digital Twin” proposed by Wang et al.
[9] refer to the robot’s ability to detect, represent, and understand
the state of the process and work environment. “Autonomy” of
Gervasi et al. [13] encompasses the ability of the collaborative
system of sensing and interpreting without any external interven-
tion. “Input” and “Processing and Status Tracking” of Cohen et al.
[30] concern the system’s ability to receive data from the envi-
ronment and monitor the current state, while “Intelligence” rep-
resents the robot’s ability to interpret this information, which is
critical to maintaining accurate situational awareness. “Sensing
and Perception Systems” by Barravecchia et al. [11] refers to the
set of technologies that enables a collaborative system to sense its
surroundings, detect objects and interpret human actions to enable
situation awareness.

o Adaptivity. It refers to the collaborative system’s capability to
modify its actions in real-time in response to dynamic environ-
mental changes or unforeseen circumstances. “Design Methods”
and “Safe Interaction” of Villani et al. [16] encompass the laws
controlling a robot’s behavior, including those related to ensuring
operator safety. “Autonomy” of Wang et al. [9] refers to the ability
of the collaborative system to dynamically adapt and taking
initiative during interaction, while “Safety” to collaborative sys-
tem features and adaptive strategies to ensure operator safety.
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within the environment. This dimension measures
how well the collaborative system can navigate
freely within an environment.

Table 1
Dimensions of the Collaboration Scale and related connections with previous works in the literature.
Dimension Description References
Villani et al. Wang et al. (2019) Gervasi et al. [13] Cohen et al. [30] Barravecchia et al.
[16] [11]
Situation The capability of the collaborative system to e Design e Context- e Autonomy e Input e Sensing and
awareness understand its operational context. This dimension Methods awareness e Processing and Perception

assesses how effectively a collaborative system can e Digital twin Status tracking Systems
perceive its environment and interpret the data. o Intelligence

Adaptivity The degree of autonomy with which the o Safe e Autonomy e Adaptivity and e Safety o Adaptive
collaborative system can adjust to changes in the Interaction o Safety Training e Actuation Control
operational context. This dimension evaluates the e Design e Human support Systems
collaborative system’s capability to modify its Methods o Safety Systems
actions in real-time in response to dynamic
environmental changes or unforeseen
circumstances.

Communication The quality of communication and feedback e Intuitive e Communication e Information e Interaction e Dialogue
between the collaborative system and the operator. Interfaces Exchange (connectivity) Systems
This dimension focuses on the mechanisms and
protocols through which collaborative systems and
humans can exchange information.

Learning The capability of the collaborative system to learn, e Intuitive e Learning e Adaptivity and - -
as well as receive and interpret instructions from Interfaces Training
human operators. This dimension measures the
collaborative system’s capability to learn new tasks
and modify its performance based on experience or
new information, enhancing its operations and
interactions with human operators.

Mobility The capability of the collaborative system to move - - e Autonomy e Mobility -

“Adaptivity and Training” of Gervasi et al. [13] includes the
capability of a collaborative system to autonomously modify its
internal parameters to change its behaviour. “Safety” and “Actu-
ation” of Cohen et al. [30] require that the collaborative system
can adapt its actions to prevent accidents and collisions, while
“Human Support” involves the adaptation to the needs of the
operator, providing assistance when needed. “Adaptive Control
Systems” of Barravecchia et al. [11] includes the technology set
that allows the collaborative system to modify its behavior in
response to changes in the environment or human actions, while
“Safety Systems” focuses on action protocols to ensure operator
safety.

o Communication. It refers to the capability of the collaborative sys-
tem to interact and communicate with a human operator, i.e., to
receive and send information. “Intuitive Interfaces” of Villani et al.
[16] encompasses the implementation of natural and intuitive
communication. “Communication” of Wang et al. [9] emphasizes
the need for natural multimodal and bi-directional communication
for continuous interaction with a collaborative system. “Informa-
tion Exchange” of Gervasi et al. [13] represents the ways and
means information is exchanged between a collaborative system
and an operator. “Interaction (connectivity)” of Cohen et al. [30]
involves the ability of the collaborative system to communicate
and interact with other systems and human operators. “Dialogue
Systems” of Barravecchia et al. [11] includes technologies that
enable natural interactions and communications between human
operators and a collaborative system.

o Learning. It represents the capability of the collaborative system to
learn, as well as receive and interpret instructions from human
operators. “Intuitive Interfaces” of Villani et al. [16] includes the
way human operators can program a collaborative system intui-
tively to perform new tasks. “Learning” of Wang et al. [9] em-
phasizes the ability of continuously improving performance
through new information and experiences. “Adaptivity and
Training” of Gervasi et al. [13] encompasses methods to instruct a

collaborative system and the ability to remember habits or pref-
erences of an operator.

Mobility. It is the capability of the collaborative system to move
within the environment, i.e., how well it can navigate freely within
the environment. “Autonomy” of Gervasi et al. [13] encompasses
the ability of the collaborative system of acting without any
external intervention, which includes autonomous manipulation
and navigation capabilities. The dimension “Mobility” of Cohen
et al. [30] explicitly refers to the ability of the collaborative system
to move and navigate within its environment.

(o}

Note that although “safety” is undeniably a critical aspect in
collaborative systems, it is not explicitly defined as a separate dimension
in the Collaboration Scale as it is inherently integrated into the di-
mensions Adaptivity and Situational awareness.

4. Scale construction. Starting from the core dimensions character-
izing collaboration capabilities, the corresponding scales were con-
structed. The choice of a six-level scale for the five dimensions was
driven by the need to capture a progressive hierarchy of collabora-
tion capabilities, moving from the complete absence of a capability
(Level 0) to its most advanced form (Level 5). Moreover, this dis-
cretization was adopted to ensure consistency and comparability
across different dimensions of collaboration. The Collaboration Scale
underwent several iterations of refinement based on feedback from
further expert consultations. This iterative process allowed for ad-
justments and improvements of the scale.

4. Collaboration scale dimensions

This section describes the core dimensions of the Collaboration
Scale, which is designed to assess the collaboration capabilities of a
robotic system. As anticipated, the framework is structured around
five dimensions: (i) Situation Awareness, (ii) Adaptivity, (iii)
Communication, (iv) Learning, and (v) Mobility. Each of these di-
mensions represents a fundamental aspect of collaboration,
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enabling a systematic evaluation of a system’s capability.
4.1. Situation awareness

The dimension of Situation awareness embodies the collaborative
system’s capacity to effectively perceive its operational environment
[31]. This dimension is critical, as it forms the basis upon which robots
can engage in collaborative interactions with human counterparts [32].

Situation awareness goes beyond mere sensory perception, encom-
passing a deep understanding of the context in which they operate [33].
Collaborative systems equipped with advanced Situation awareness can
interpret a range of environmental cues, from recognizing the presence
and actions of human workers to identifying and classifying objects and
their states within the workspace [34]. Situation awareness is a key factor
for enabling other collaboration capability dimensions (e.g., Adap-
tivity), facilitating a more intuitive and responsive collaboration [22].
When collaborative systems can understand the needs and actions of
their human operators, they can adjust their operations to complement
human efforts more effectively [35].

To assess the collaborative system’s Situation awareness, six discrete
levels have been established:

e Level 0 - Absence of Perception. At this level, the collaborative system
is unable to detect objects or people within its operational range. It
functions solely based on pre-programmed instructions, with no
awareness of its immediate environment.

e Level 1 - Basic Environmental Awareness. The collaborative system has
the capability to detect the presence of objects and people nearby but
does not assign any interpretation or context to these detections. For
instance, the cobot presented in Pini et al. [36] is only able to sense
its surroundings through force, without assigning any interpretation.

e Level 2 - Enhanced Environmental Awareness. The collaborative sys-
tem’s perceptual abilities can distinguish between various pre-
classified objects and recognize simple configurations of the work-
space. For example, in Mendez et al. [37] the cobot is able to
recognize different components through a vision system.

e Level 3 - Advanced Environmental Awareness. The collaborative system
has the capability to identify moving objects and track their trajec-
tory. Additionally, it can encounter unknown objects and categorize
them into different classes. For example, Sharath Chandra et al. [38]
presents a vision-based multi-object tracker to be implemented in
cobots for enhancing HRC.

e Level 4 - Basic Human Awareness. The collaborative system’s
perceptual range encompasses the detection of human cues, such as
body language and fatigue levels. This level marks the beginning of
the collaborative system’s capability to recognize human behaviours
and emotional cues, albeit in a basic form. For instance, in Chand
et al. [39] a system based on computer vision and physiological
signals to assess the physical and cognitive fatigue of the real-time
worker involved in HRC.

o Level 5 - Advanced Human Awareness. The collaborative system ex-
hibits a sophisticated understanding of human emotional states,
stress, fatigue, and even intentions. It can interpret a broad spectrum
of human behaviours and conditions. An example approaching this
level is the work of Bussolan et al. [40], which proposes a system for
recognizing psychological stress during HRC combining physiolog-
ical signals, facial action units, and voice features.

Table 2 details a distinction between each level, classification
criteria, capability examples, and potential enabling technologies.

4.2. Adaptivity
The dimension of Adaptivity plays a pivotal role in defining the

effectiveness and efficiency of collaborative systems [41,42], as well as
the role that they can have during collaboration with humans [5,43].
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Table 2
Levels of Situation awareness for collaborative systems.

Level Description Criteria Example Potential
enabling
technologies

Level Absence of No obstacle A collaborative None.

0 Perception detection system that does
not detect
environmental
changes.
Level Basic Detects A collaborative Basic sensors (e.
1 Environmental obstacles system that in g., infrared,
Awareness presence of ultrasonic,
objects and force sensor) for
people within the ~ presence
collaborative detection.
system’s range
detects their
presence without
assigning any
intepretation.
Level Enhanced Identifies pre- A collaborative Computer
2 Environmental classified system that, vision, basic
Awareness objects when presented machine
with a variety of learning for
pre-classified object
objects, can classification.
categorize them
based on its
programming.
Additionally,
when the
workspace layout
is altered, the
system
recognizes these
changes.
Level Advanced Detects A collaborative Digital twin,
3 Environmental moving system that, inan  advanced
Awareness objects and environment machine
classifies with moving learning,
unknown objects, can track  motion
objects their trajectories tracking, object
and predict their recognition
future positions. algorithms.
Furthermore,
when exposed to
unknown objects,
it can classify
them into general
categories based
on learned
characteristics.
Level Basic Human Recognizes A collaborative Affective
4 Awareness human body system that, inan  computing for
language and interactive human affective
stress scenario with state
indicators individuals, can recognition.
recognize body
language cues
and signs of
fatigue (e.g.,
hurried
movements,
expressions of
frustration).
Level Advanced Understands A collaborative Deep learning-
5 Human complex system that, in based human
Awareness human complex behavior
behaviours interaction analysis,
and emotional  scenarios multimodal
states involving actors perception
displaying a systems.
range of

emotional states
and intentions,
can accurately

(continued on next page)
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Table 2 (continued)

Potential
enabling
technologies

Level Description Criteria Example

perceive and
interpret human
conditions
accordingly.

This dimension measures a collaborative system’s capability to auton-
omously modify its behaviour in real-time, including for safety issues, as
it encounters varying conditions within its environment or shifts in its
designated tasks [9]. The essence of Adaptivity lies in the robot’s capa-
bility for self-regulation and in its ability to seamlessly integrate into
human-centric workflows [44].

In industrial environments, the dynamic and often unpredictable
nature of production processes requires flexibility and resilience [45].
Collaborative systems equipped with a high degree of Adaptivity can
meet this demand, offering a versatile solution that supports a wide
range of tasks and applications [46]. Whether responding to sudden
changes in production requirements, adapting to new or modified
components, or navigating alterations in the workspace, adaptive
collaborative systems ensure continuity and efficiency in operations
[47]. Adaptability extends also to the collaborative system’s capability to
recognize and accommodate the preferences and psychophysical state of
individual human operators, further personalizing the collaborative
experience [18].

The importance of Adaptivity in collaborative systems is underscored
by its implications for productivity and job satisfaction [48]. From a
productivity standpoint, adaptive collaborative systems can quickly
transition between tasks without the need for extensive reprogramming,
minimizing downtime and maximizing output [45]. Moreover, by taking
on repetitive or ergonomically challenging tasks and adapting to opti-
mize their performance based on real-time feedback, collaborative sys-
tems can alleviate physical strain on human employees, contributing to a
healthier, more satisfying work environment [49]. The Adaptivity
dimension is categorised into six levels:

e Level 0 - No Adaptivity. The collaborative system operates on fixed
pre-programmed routines without any ability to adjust to new or
changing conditions.

Level 1 - Reactive Adaptivity. The collaborative system can react to
specific changes in its environment but only in a very limited and
predefined way. For example, it may stop its operation if it detects a
human in its path but cannot alter its path autonomously for safety
reasons. For example, in Pini et al. [36] the implemented cobot stops
when it encounters obstacles and senses that it is applying a higher
force than allowed.

Level 2 - Structured Adaptivity. The collaborative system can adjust its
behaviour based on a set of predefined rules when encountering
variations in its operational environment. This might involve
switching between different modes or routines. For instance, the
cobot presented in Valente et al. [50] is able to change its behaviour
to different predefined modes according to the environmental status.
Level 3 - Contextual Adaptivity. The collaborative system can under-
stand the context of changes in its environment, allowing it to make
more specific decisions. For instance, it might plan a new path when
approaching a crowded area or adjust the force applied to an object
based on the characteristics. For instance, Zhang et al. [51] shows a
cobot embedded with a method of trajectory adaptation based on
impedance control for enhancing physical collaborative tasks.

Level 4 - Predictive Adaptivity: the collaborative system not only reacts
to immediate changes but can also predict future changes and pre-
pare for them in advance. By analysing patterns of human movement
and environmental conditions, it can anticipate operational
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interruptions and adjust its behaviour proactively. For example,
Koppula and Saxena [52] presents a cobot embedded with a system
to predict future human actions and perform reactive responses.
Level 5 - Full Adaptivity: the collaborative system possesses complete
autonomy and capability in adjusting its operations to any changes
or new tasks. Based on past experiences, it adapts to novel situations
without human intervention and makes decisions that optimize its
collaboration with human workers. An example approaching this
level is Cantucci et al. [53], which proposes a cognitive architecture
for cobots based on the theory of social adjustable autonomy, in
which the cobot can tune its behavior according to the user.

Table 3 details a distinction between each level, classification
criteria, capability examples, and potential enabling technologies.

4.3. Communication

Communication represents the essential bridge that connects human
and robotic agents within a shared workspace [54]. This dynamic flow
of information is vital for orchestrating seamless interactions and
fostering a collaboration that enhances the synergy between humans
and robots [9]. The modalities of Communication are diverse, including
verbal exchanges, non-verbal cues, visual signals, auditory prompts, and
even haptic feedback [55,56]. Each of these channels plays a different
role in conveying information, ensuring that collaboration is effective
and adaptable to the needs of the task at hand [57].

Communication ensures mutual understanding and alignment of goals
between humans and collaborative systems. This understanding en-
compasses the comprehension of intentions, anticipations of actions,
and the exchange of feedback [58]. Crucially, effective Communication in
HRC should be bidirectional [59]. On one hand, humans issue com-
mands and provide guidance to collaborative systems to direct robotic
actions. This Human-to-Robot communication is essential for handover
tasks, adjusting operations, and imparting human knowledge and pref-
erences to robotic systems [60-62]. On the other hand, collaborative
systems also can play an active role in communicating with human
operators [63]. Robot-to-Human communication can offer support and
guidance to human workers. For example, a collaborative system might
provide real-time information about task progress, suggest optimiza-
tions based on observed patterns, or even alert humans to potential er-
rors or safety risks [64,65].

The Communication dimension is broken down into six distinct levels:

e Level 0 - No Communication. At this stage, the collaborative system
operates without exchanging any information with the human. It just
performs the pre-programmed operations without any human
intervention.

e Level 1 — Basic Unidirectional Communication. The collaborative sys-
tem can receive basic inputs/commands from the human (e.g. push
button), but it does not provide feedback or responses. As an
example, consider Gervasi et al. [66], where collaborative assembly
tasks are structured through the use of a physical button that the
operator presses to prompt the cobot to proceed with its next action.

o Level 2 — Basic Bidirectional Communication. The collaborative system
can receive basic inputs/commands from the human, and can pro-
vide simple feedback (e.g., pop-ups or acoustic sounds) on the
execution of tasks, the status of operations, and/or problems that
may arise. As an example, in Capponi et al. [67] the robot interacts
with workers through simple bidirectional feedback mechanisms,
enhancing engagement and process flow.

e Level 3 — Basic Multimodal Communication. The collaborative system
can receive information/commands from humans in multiple ways,
including at least a natural communication medium (e.g., voice,
gesture, gaze, and touch) and can provide detailed feedback
regarding task execution, the operation status, and/or problems that
may arise. For instance, Ekrekli et al. [68] introduces a co-speech
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Table 3

Levels of Adaptivity for collaborative systems.

Table 3 (continued)
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Level

Description

Criteria

Example

Potential
enabling
technologies

Level

Level
1

Level

Level
3

Level
4

No
Adaptivity

Reactive
Adaptivity

Structured
Adaptivity

Contextual
Adaptivity

Predictive
Adaptivity

Operates on fixed
routines without
adjustment

Reacts to specific
changes in a
limited,
predefined way

Adjusts
behaviour based
on predefined
rules to
environmental
variations

Understands
context of
changes, making
appropriate
decisions

Anticipates
future changes
and prepares in
advance

A collaborative
system that,
when a worker
unexpectedly
places an object
in its workspace,
continues
executing its
programmed
task without
detecting or
responding to
the change.

A collaborative
system that,
when a crate is
placed in its
designated
movement path,
either stops or
follows a pre-
programmed
avoidance
protocol without
autonomously
rerouting its
trajectory.

A collaborative
system that,
when different-
sized
components are
introduced on
the assembly
line,
automatically
switches to the
appropriate
handling mode
based on
predefined
operational
rules.

A collaborative
system that,
when a worker
moves
unpredictably
near its
operating area,
detects the
motion and
dynamically
adjusts its speed
or pauses
operations to
ensure safety.

A collaborative
system that,
when observing
repetitive
motions of a
human operator
(e.g., regularly
placing tools in
the same
location), learns
to anticipate the
next step and
adjusts its
positioning in
advance.

Pre-programmed
task sequences,
rigid automation
scripts.

Fixed logic
decision trees,
predefined fail-
safe responses,
rule-based
automation

Predefined
decision-making
algorithms.

Context-based
adaptive
behaviour
algorithm.

Machine learning
algorithms,
predictive
analytics, pattern
recognition,
historical data
processing.

Level Criteria Example Potential
enabling
technologies

Level Possesses A collaborative Reinforcement

complete system that, learning,
planning when relocated autonomous
autonomy and to a new decision-making
capability in workstation with Al self-learning
adjusting to unfamiliar tool robotic control
changes or new placements, systems.
tasks autonomously

scans its

surroundings,

identifies the

layout, and

modifies its
workflow to
optimize
efficiency
without human
intervention.

gesture model that allows humans to assign tasks to robots using both

speech and gestures.

Level 4 - Advanced Multimodal Communication. The collaborative

system can receive information from humans through multiple

communication channels simultaneously, merging the different in-
formation obtained. It has limited capability to understand de-
viations from pre-set commands (e.g., synonyms). The collaborative
system can provide feedback also through natural communication

mediums. Maurtua et al. [69] exemplifies this level by presenting a

semantic framework that enables industrial robots to interpret and

fuse human input from both speech and gestures, ensuring robust
interaction even under adverse environmental conditions.

e Level 5 - Natural Communication. Communication with the collabo-
rative system occurs as with another human being. The collaborative
system can exchange information with the human through a variety
of ways, including both verbal and non-verbal language, and can
understand and respond to complex and unstructured requests. The
collaborative system can interact with the human through natural
communication mediums, as in human-human communication.
Angleraud et al. [70] provide an example of Natural Communication,
presenting a system in which robots learn action semantics and
interact with humans using natural language to resolve ambiguities,
enabling fluid and human-like collaboration.

Table 4 provides a distinction between each level, classification
criteria, capability examples, and potential enabling technologies.

4.4. Learning

The dimension of Learning, within the realm of HRC, refers to the
capability to be instructed, assimilate knowledge, and refine skills
through external agent intervention or experience. Learning capabilities
of a collaborative system range from the ability to receive instructions
from external agents to self-learning [6]. Far beyond executing fixed
tasks, learning enables collaborative systems to become more flexible,
aligning more closely with the complex and ever-changing nature of
human workspaces [58,71]. Receiving direct instructions by the human
is the basic form of learning. It can be issued in a variety of forms, from
the simplest of programming code that determines the collaborative
system’s movements, to learning-by-doing schemes, to voice in-
structions that the collaborative system needs to decode and implement
[72].

Advanced Learning mechanisms within collaborative systems are
powered by algorithms and data processing capabilities, often grounded
in the principles of Machine Learning (ML) and Artificial Intelligence
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Table 4
Levels of Communication for collaborative systems.

Level Description Criteria Example Potential
enabling
technologies

Level No Operating A collaborative None.

0 Communication without system that,
exchanging when
information assembling
components on
a conveyor belt,
performs its
task without
interacting with
the human
operator,
following only
its pre-
programmed
instructions.
Level Basic Receiving basic A collaborative Push-button
1 Unidirectional commands system that, interfaces,
Communication ~ without when a worker simple digital
feedback presses a start inputs.
button, begins
executing an
assembly task
without
providing any
feedback or
status updates
on its progress.
Level Basic Receiving basic A collaborative Touchscreen
2 Bidirectional information/ system that, interface, LED
Communication commands and when a worker indicators,
providing simple  presses a button  auditory
feedback. to start an feedback,
operation, human-
acknowledges machine
the input by interface panel.
displaying a
confirmation
message on a
screen or
emitting an
audio cue to
indicate task
initiation.
Level Basic Receiving pre- A collaborative Voice
3 Multimodal set information/ system that, recognition,
Communication ~ commands when instructed  gesture
through by an operator recognition,
different ways, through voice haptic
including commands (e. feedback,
natural g., "pick up the microphone,
communication part") or cameras.
mediums, and gestures (e.g.,
providing pointing at an
feedback. object),
recognizes the
command and
executes the
corresponding
action while
providing
feedback (e.g., a
light indicator
or verbal
confirmation).
Level Advanced Receiving A collaborative Multimodal
4 Multimodal information system that, sensor fusion
Communication /commands when a worker (voice, vision,
from humans simultaneously haptic), NLP
through issues (Natural
multiple ways commands via Language
simultaneously, speech and Processing) for
including gestures (e.g.,
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Table 4 (continued)

Level  Description Criteria Example Potential
enabling
technologies

natural saying "pass me contextual
communication the tool" while understanding.
mediums, and pointing at it),
providing processes both
feedback also inputs together,
through natural recognizing
communication variations in
mediums. phrasing (e.g.,

"hand me the

tool" instead of

"pass me the

tool") and

responding

appropriately.

Level Natural Exchanging A collaborative Deep learning
5 Communication  information system that, NLP models,

through natural when an contextual Al,
communication operator speaks real-time scene
mediums in an in natural analysis,
unstructured language (e.g., emotion and
way, as in "Can you grab intent
human-human that piece and recognition.
communication. hold it for a

moment?")

while making
an indicative
hand motion,
interprets both
the command
and context,
responding as a
human
collaborator
would by
adjusting its
movements
accordingly.

(AI) [73,74]. These technologies allow collaborative systems to analyse
the outcomes of their actions, understand the implications of their in-
teractions with human operators, and even predict future scenarios
based on historical data [75]. As a result, a collaborative system that
learns from its environment and experiences can optimize its task
execution to complement human activities better, and avoid previous
inefficiencies or errors.

To categorize and understand the extent of a collaborative system’s

learning capabilities, six distinct levels of Learning have been identified:

Level 0 - Traditional Programming. The collaborative system operates
following preset algorithms and procedures using internal pro-
gramming language. There is no capacity for learning or adapting to
new situations or errors without directly modifying the internal
programming code.

Level 1 - User-friendly Programming: The collaborative system oper-
ates according to preset algorithms and procedures, which can also
be provided through a user-friendly graphical interface. This inter-
face allows even less experienced users or those with limited infor-
mation knowledge to reprogram the collaborative system. An
example of User-friendly Programming is provided by Ionescu [76],
which introduces a graphical, block-based programming environ-
ment that leverages GUI automation to simplify robot programming.
Level 2 - Programming by Demonstration. The collaborative system is
able to record and perform a sequence of actions and configurations
(e.g., joint positions and end-effector status) demonstrated by a
human manually guiding it. This instruction method is performed
online and does not require programming language. Ravichandar
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et al. [77] provides a comprehensive overview of techniques within Table 5
the Programming by Demonstration paradigm. Levels of learning for collaborative systems.
o Level 3 - Guided Learning. The collaborative system can be instructed Level  Description Criteria Example Potential
by a human operator that explains the various tasks to be performed enabling
through natural mediums of communication (e.g., voice, gestures, technologies
touch). Specific algorithms are necessary to process and interpret Level  Traditional Receives A collaborative Text-based
information provided by the human operator. For instance, Pires 0 programming  instructions system that can programming
[78] shows an industrial robot that be commanded through human through only be languages, low-
s . s 11s . o programming programmed level machine
voice instructions, highlighting the use of natural communication . -
. . . language. using an internal control,
interfaces and the necessary algorithms to interpret spoken com- coding language, command-line
mands for task execution. requiring interfaces.
e Level 4 - Continuous Improvement. The collaborative system can learn explicit
command

autonomously from previous situations or interactions, leveraging

sequences to
deep learning algorithms to improve and adapt its operation without d

define its
direct human intervention. The collaborative system can learn from actions. It does
instructions or feedback provided by the human operator. This level not allow
of learning requires human supervision. An example is provided by adll‘:StmemS or
. . - - - t
Celemin et al. [79], which proposes hybrid learning strategies that Half) difications
combine reinforcement learning with human corrective feedback. without
e Level 5 - Autonomous Learning: The collaborative system is equipped reprogramming.
ng: Yy quipp! prog; g
with a continuous learning capability and can dynamically adapt to Level  Userfriendly ~ Receives A collaborative  Graphical User
novel situation. It is able to analyse feedback and past experiences 1 programming  Instructions system that can  Interfaces
ith ad d al ith I fi . biliti through be programmed (GUIs), block-
w'1t_ advanced a fg(?rlt ms to con'stant y refine its capa '11t1es, pre- graphical through a user-  based
dictions, and decisions. It proactively adapts its strategies and ac- interface. friendly programming
tions based on new information or experiences, ensuring optimal graphical tools, drag-and-
efficiency and effectiveness in the work environment. An example of i'l‘lterf‘?‘ce’ d;‘_’P workflow
- . . tors.
Autonomous Learning is provided by Berscheid et al. [80], where a zpzrtii to editors
robot learns flexible pick-and-place tasks through one-shot imitation configure
and self-supervised learning, enabling it to generalize to novel ob- actions and
jects and adapt its actions based on experience without requiring parameters
predefined object models. W';hout writing
code.
. o . Level Programming Memorizes the A collaborative Teach
Table 5 provides a distinction between each level, classification 2 by operations to be  system that can pendants,
criteria, capability examples, and potential enabling technologies. demonstration  performed after ~ be programmed  motion
the operator’s through physical  recording
demonstration. demonstration, systems,
. where an trajectory
4.5. MOblllt.y operator learning
manually moves through
The Mobility dimension is a critical aspect of collaborative robotic the robot’s physical
systems, defining the robot’s capability to move within its operational ;OH;EI‘:[HZ;:;;) manipulation.
environment. Mobility enables collaborative systems to perform tasks at to record a
different locations and adapt to dynamic changes in manufacturing sequence of
processes [81]. The ability to move within or across workstations can positions and
enhance the efficiency and versatility of collaboration, allowing robotic actions, which
. . the system then
systems to respond flexibly to evolving tasks, layouts and operator .
. X L N replicates.
needs. Mobility extends the functional capabilities of collaborative Level  Guided Understands A collaborative speech-to-
systems beyond fixed positions, facilitating tasks such as material 3 learning instructions fora  system that action
Y Y/ p 8
handling, assembly, inspection, and maintenance in dynamic industrial new task given follows step-by-  frameworks,
settings [82]. Additionally, mobility enhances safety by enabling through naturalstep verbal gesture-based
. . . ) communication instructions command
collaborative systems to navigate away from hazardous situations and mediums (e.g., from an operator  mapping.
maintain appropriate distances from human operators when necessary voice, gestures, (e.g., "Pick up
[83]. touch). the screw")
In detail, to assess the mobility of collaborative robotic systems, the translating these
- . ts int
following levels have been defined: inputs 1o
executable
actions.

e Level 0 — No Mobility: The collaborative system is permanently Level  Continuous Modifies its A collaborative Reinforcement
installed in a fixed position with no capability to move or be repo- 4 improvement  behavior based system that, learning, real-
sitioned. It cannot be relocated without significant disassembly or on the feedback  during an time parameter

. . . . it receives. assembly task, optimization,
reinstallation efforts. The robot operates solely within the reach of its receives adaptive
manipulator or end-effector. operator control

o Level 1 - Localized Adjustment Mobility: the collaborative system is feedback to algorithms,
fixed in place but can be manually repositioned within the work- redLll_C‘zj‘hif"rce imman'{njthe'

. . . t
station area by human operators. These adjustments allow for limited ?:Sz:mgva en ;;(S)fen::mmg
movement within a defined, localized space, enabling fine-tuning of delicate

position and orientation as needed. A case of this level is the work by
Palomba et al. [84], which shows a collaborative assembly station

(continued on next page)
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Table 5 (continued)

Level Description Criteria Example Potential
enabling
technologies

component. In
subsequent
executions, it
automatically
applies the
adjusted force
without
requiring
manual
reprogramming.
Level Autonomous Autonomously A collaborative Al-driven
5 learning improves its system that, optimization,
performance by after executing autonomous
developing numerous pick- decision-
appropriate and-place making
strategies operations, algorithms,
identifies real-time
patterns where performance
objects analysis.
frequently slip

from its gripper.
It then refines its
grasping
technique by
adjusting grip
force or
approach angles
to reduce errors.

where the cobot can be repositioned to improve ergonomics across
multiple operators.

Level 2 - Manual Repositioning Mobility: the collaborative system re-
mains stationary during tasks but can be physically moved by human
operators between tasks or shifts. Movement requires human inter-
vention and is not automated. The robot can be relocated to different
areas within the workspace to perform tasks in various workstations.
Da Silva et al. [85] shows a plug-and-produce robotic assistants
designed on a wheeled movable platform.

Level 3 — Constrained Mobility: the collaborative system has the
capability to autonomously move along a predetermined path or
within a limited number of positions, such as a rail or a constrained
guide. Its movement is restricted to specific trajectories defined by
the physical constraints of its movement mechanism. For example,
the robot presented by Grimstad et al. [86] is capable of navigating
on a rail system.

Level 4 — Planar Mobility: the collaborative system can autonomously
move freely on a flat surface, such as an industrial floor. For instance,
Moshayedi et al. [87] presents a mobile robot capable of navigating
to various locations within a defined planar area, avoiding obstacles,
and reaching specified targets.

Level 5 — Full Mobility: the collaborative system possesses advanced
mobility, enabling it to autonomously traverse uneven surfaces,
navigate over obstacles, and move across complex terrains, including
stairs or ramps. It can reach targets within an area with irregular
surfaces, demonstrating high adaptability in diverse environments.
As an example, Stasse et al. [88] presents a solution that allows a
humanoid robot to dynamically navigate across substantial
obstacles.

Table 6 provides a distinction between each level, classification

criteria, capability examples, and potential enabling technologies.

5.

Collaborative systems classification

Based on the dimensions and levels identified in the Collaboration

Scale, collaborative systems can be classified into distinct categories,
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Table 6
Levels of Mobility for collaborative systems.

Level Description Criteria Example Potential
enabling
technologies

Level No Mobility Fixed in place A collaborative Rigid mounting

0 with no system that, system, fixed
mobility, when installed automation
operates only in a fixed infrastructure.
within position on an
manipulator’s assembly line,
reach. operates solely

within the reach
of its
manipulator,
remaining
immobile unless
manually
disassembled
and reinstalled
in a new
location.

Level Localized Manually A collaborative Manually

1 Adjustment adjustable system that, adjustable

Mobility within a when platforms.

localized area positioned

for setup or within a

calibration. workstation,
can be just
manually
adjusted within
a predefined
range (e.g.,
slight angle or
position
changes for
calibration).

Level Manual Stationary A collaborative Detachable

2 Repositioning during tasks but  system that, fixtures, wheeled

Mobility manually between bases with

movable production manual locking,
between shifts, is quick-connect
locations. physically lifted  power and data

and relocated interfaces.

by workers to a

different

workstation,

enabling it to

operate in a

new location.

Level Constrained Moves A collaborative Rail-mounted

3 Mobility autonomously system that, systems, linear
along a when placed on  actuators,
predefined path  a rail-mounted automated
or constrained guide, guided systems
guide. autonomously magnetic or

moves back and  optical guidance.
forth along a

constrained

trajectory (e.g.,

transporting

components

along a fixed

path), but

cannot deviate

from the track.

Level Planar Navigates A collaborative LiDAR, vision-

4 Mobility autonomously system in a based navigation,
on flat surfaces, fulfillment omnidirectional
avoiding center navigates  wheels, collision
obstacles. across a avoidance

warehouse algorithms,
floor, indoor GPS.
transporting

inventory bins.
It
autonomously

(continued on next page)
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Table 6 (continued)

Level  Description Criteria Example Potential
enabling
technologies

avoids shelves,

forklifts, and

workers while

dynamically

adjusting its

path to reach

designated

picking

stations.

Level Full Mobility Traverses A quadrupedal Legged robotic
5 uneven collaborative locomotion,

terrains, system in an oil aerial mobility,
obstacles, and refinery moves dynamic
stairs across uneven stabilization
autonomously. terrain, climbs algorithms,

stairs, and multi-surface

adapts to traction control.

slippery

surfaces. It

autonomously

traverses

hazardous

environments

to perform real-
time equipment
monitoring and
detect leaks
without human
intervention.

each reflecting a different stage of development in collaborative capa-
bilities. These categories provide a structured way to evaluate and
compare robotic systems based on their proficiency in the dimensions of
collaboration capability.

The classification framework organizes systems into six progressive
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categories, ranging from the most basic systems with limited collabo-
ration capabilities to fully autonomous systems that exhibit advanced
collaborative capabilities. Essentially, six distinct categories of collab-
orative systems can be identified: Dependent Collaborative System, Guided
Collaborative System, Assisted Collaborative System, Balanced Collaborative
System, Proactive Collaborative System, Autonomous Collaborative System.
Fig. 1 offers a detailed summary of these levels.

Each category corresponds to a level and possesses characteristics of
that level in all dimensions. For instance, a collaborative system at Level
2 has at least all Level 2 characteristics in each dimension. Each level
represents a distinct stage of collaboration maturity, from basic (e.g.,
Level O - Dependent Systems) to advanced systems (e.g., Level 5 -
Autonomous Systems). This classification ensures that each level rep-
resents a coherent stage of development, where capabilities across all
dimensions align. By ensuring that each level integrates all dimensions
at the corresponding stage, the classification maintains a logical and
scalable framework for collaboration capability maturity.

Collaborative systems may not fit perfectly into one archetype as
they could be advanced in one dimension but limited in others. To
classify a system at a particular level, it must possess all the level-related
features across all dimensions (see Section 4).

5.1. Example of categorization of collaborative systems

To illustrate the practical application of the Collaboration Scale in
categorizing collaborative systems, this section provides a real-world
example of a collaborative system utilized in the assembly process of
an electromechanical actuator for the aerospace industry. The system,
depicted in Fig. 2, involves an actuator with a total length of 600 mm
and a weight of 5 kg. This assembly process demands high precision and
consistency due to the critical nature of aerospace actuators.

The scheme of the collaborative system employed in this assembly
process is represented in Fig. 3.

Technological features of the system include:

Collaboration Scale Dimensions

Collaborative

Situation Adaptivity Communication Learning Mobility Sy stems Categ ory
Awareness
- Level 0 -
Absencg Of N(? . No Communication Tradltlongl No Mobility 9 Dependent
Perception Adaptivity Programming .
Collaborative System
Basic Reactive Basic User-Friendl Localized Level I -
Environmental Adaptivit Unidirectional Pro ramminy Adjustment 9 Guided
Awareness p y Communication g g Mobility Collaborative System
i Level 2 -
Ephanced Structured Basic Bidirectional Programming Ma.n}laI. ev?
Environmental Adaptivi Communication By Repositioning Assisted
Awareness ptivity Demonstration Mobility Collaborative System
Level 3 -
A.dvanced Contextual Basic Multimodal Guided Constrained eve
Environmental Adaptivity Communication Learning Mobility Balanced
Awareness Collaborative System
Basic Human Predictive Advg need Continuous Planar Level 4 )
Awareness Adaptivity Multimodal Improvement Mobility Proactive
Communication Collaborative System
Level 5 -
Advanced Full Natural Autonomous - eve
Human Adaptivity Communication Learning Full Mobility Autonomous
Awareness Collaborative System

Fig. 1. Collaborative systems categories defined on the basis of the dimensions of the Collaboration Scale.
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Fig. 3. Representation of the collaborative system used in the actuator as-
sembly process.

e URIO cobot: the UR10 cobot is equipped with a two-finger end
effector designed for gripping and manipulating components during
the assembly process. UR10 has a payload capacity of 10 kg, a reach
of 1300 mm and +0.1 mm repeatability.

e Proximity sensors: these sensors allow the robot to detect the presence
of objects and people in its immediate surroundings. If an obstacle or
person enters the robot’s workspace, the system automatically halts,
minimizing the risk of collisions and adhering to safety protocols.

e Human-machine interface: the system is equipped with a user-friendly
interface consisting of a touchscreen display where technical draw-
ings of the actuator being assembled and the list of instructions are
shown. The interface also includes touch commands that allow the
operator to input instructions, such as starting, stopping, or reposi-
tioning the robot as needed. Additionally, the system provides simple
feedback through audio alerts or messages displayed on the screen.

e Simple programming interface: the system is designed to allow opera-
tors to reconfigure the robot’s tasks through a drag-and-drop pro-
gramming interface. This feature enables quick and easy adjustments
to the robot’s operation without requiring advanced programming
skills.

During the actuator assembly process, a collaborative robot assists by
handling repetitive and physically demanding tasks, such as holding
components in place. The robot operates alongside an automated de-
livery system that supplies components (e.g., actuator housing, gears,
and fasteners) correctly positioned for easy access. While the robot
contributes to streamlining certain aspects of the process, the collabo-
ration remains basic, with the robot performing predefined tasks and the
operator overseeing critical and complex operations, such as applying
torque. The interaction is largely task-specific, with minimal dynamic
collaboration or shared decision-making between the human and the
robot.

Table 7 shows an overview of the performance of the collaborative
system for the five dimensions of the Collaboration Scale.

Based on the criteria summarized in Fig. 1, the system meets the
requirements for classification as a Level 1 Guided Collaborative System,

12
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Table 7
Performance of the collaborative system.

Dimension Collaborative system Level
performance

Situation The system detects objects and Level 1 - Basic

Awareness people in its workspace via Environmental
proximity sensors Awareness

Adaptivity The robot responds to Level 1 - Reactive
environmental changes, such as Adaptivity
stopping if an obstacle is detected,
but cannot adjust behavior
dynamically.

Communication The system allows the operator to ~ Level 2 - Basic
issue commands (e.g., start/stop, Bidirectional
reposition) and provides basic Communication
feedback through alerts.

Learning Operators can reconfigure tasks Level 1 - User-friendly
via a drag-and-drop interface. Programming

Mobility The collaborative system is fixed Level 1 - Localized

in place but can be manually
repositioned within the
workstation area by human
operators

Adjustment Mobility

due to its limited adaptivity and mobility, and user-friendly interface.
Although the system’s communication capabilities are at Level 2, the
overall characteristics align with Level 1 (see Fig. 4).

6. Implications

The introduction of the Collaboration Scale represents a contribution
to the field of industrial collaborative robotics, with implications for
both academic research and industrial practice. The proposed scale has
the potential for a wide range of applications and can prove to be
beneficial in multiple contexts:

Terminology and standardization: the Collaboration Scale introduces a
structured taxonomy that distinguishes between different types of
collaborative robotic systems, proposing a common language and
classification criteria. This framework aims to reduce and facilitate
effective communication among stakeholders by establishing stan-
dardized terminology.

e Acceleration of innovation: by clearly outlining the levels of collabo-
ration capability, the Collaboration Scale helps robot manufacturers
and developers to better direct research and development efforts
toward key areas that enhance HRC. The scale highlights critical
dimensions: Situation awareness, Adaptivity, Communication, Learning,
and Mobility, guiding technological innovation in these areas.
Guidance for policies and regulations: policy maker can use the
Collaboration Scale as a reference for developing guidelines and
regulations that ensure the safe and ethical use of collaborative ro-
bots. The scale offers a structured framework for assessing different
levels of collaboration capabilities, informing the creation of stan-
dards and certifications.

e Promotion of human-centricity for Industry 5.0: in the context of the
evolution toward Industry 5.0, which emphasizes human-centricity,
the Collaboration Scale helps organizations assess how their robotic
systems align with these principles. By adopting robots with higher
levels of collaboration capability, companies can create more flex-
ible, resilient, and human-centered work environments. Moreover,
the scale can be extended to evaluate individual robotic systems even
within multi-human, multi-robot collaborative contexts.

Stimulus for future technological developments: by identifying areas
where current collaborative systems may be lacking, the Collabora-
tion Scale stimulates research and development to overcome these
limitations. For example, improving natural communication or
autonomous learning in robots can become a research priority,
driving technological advancement in the sector.
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Collaboration Scale Dimensions
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Fig. 4. Classification of the collaborative system according to the Collaboration Scale.

7. Conclusions

In this paper, the Collaboration Scale, i.e., a comprehensive frame-
work designed to assess and quantify the collaborative capabilities of
robotic systems within industrial environments, has been presented. The
Collaboration Scale addresses the growing need for standardized evalu-
ation tools in the context of Industry 4.0 and the forthcoming Industry
5.0, where HRC plays a pivotal role in creating human-centric
manufacturing processes.

By delineating five foundational dimensions: Situation awareness,
Adaptivity, Communication, Learning, and Mobility, the Collaboration Scale
provides a multi-dimensional approach to evaluating collaborative
systems. Each dimension is discretized into specific levels, allowing for
the distinction of a collaborative system’s capabilities. This framework
can provide support in identifying the current capabilities of robotic
systems and in highlighting areas for improvement, guiding future
technological developments.

The Collaboration Scale serves multiple purposes: (i) it creates a
consistent vocabulary for professionals and researchers to describe and
discuss collaborative capabilities, facilitating clearer communication
and collaboration across disciplines; (ii) by providing clear criteria and
benchmarks, the scale encourages innovation in the development of
collaborative robots; (iii) the scale provides a practical means to eval-
uate and compare different robotic systems, assisting organizations in
selecting appropriate technologies that align with their operational
needs; (iv) the scale could serve as a reference for standardization efforts
by organizations such as ISO commissions or certification authorities,
supporting consistency and interoperability in collaborative robotics.

The Collaboration Scale represents an initial attempt to structure and
assess collaboration capabilities in robotic systems. Harmonizing the
Collaboration Scale with established international standards for robotics
and automation is an essential step toward broader adoption. Moreover,
future research will focus on developing a framework that integrates the
Collaboration Scale to evaluate performance and productivity in different
HRC contexts.
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