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Abstract — Industry 4.0, also termed smart manufacturing,
has revolutionized the industrial world with cutting-edge
technologies such as collaborative robots and artificial
intelligence etc. Productivity and efficiency are two key
factors that determine the success level of manufacturing.
Therefore, many manufacturers have become so eager to
adopt adaptive, intuitive, collaborative and smart techniques
to improve the production lines, including key
manufacturing machines and equipment. Therefore, robotic
systems are playing an increasingly vital role in many
industrial sectors, as they decrease the need for human
labour and increase automation level. In addition, material
waste can be also reduced since robots provide stability and
accuracy during work. In turn, production times are reduced
as well. Consequently, smart manufacturing areas need more
advanced, flexible, and smart robotic systems to respond to
market size changes and customization processes. As a result,
currently, great research efforts are made to enrich the
interactions between humans and robots in the work
environment. This paper presents an overview of Human-
Robot Collaboration (HRC) systems being employed in smart
manufacturing to exploit the benefits of human experience
and the capabilities of robotic systems. The research gaps,
challenges and future work directions on HRC are
highlighted and analyzed towards smart manufacturing.
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L INTRODUCTION

Human-Robot Collaboration (HRC) systems are
increasingly used in the manufacturing sector such as the
automotive and food industries. The trend of utilizing
robots in manufacturing is changing. For now, researchers
are making distinct efforts to exploit the human
experiences, decision-making, and critical thinking
abilities, with the robot’s strength, repeatability, and
accuracy to perform complex tasks [1]. In the long run,
human execution of repetitive, low paid and risky tasks
will be limited within smart factories as the human
operators will shift into the work area where different and
advanced role responsibilities may be required [2]. In the
industrial world, manufacturers are focusing on
transforming the working environments to be smarter and
more adaptable to the changing market requirements and
customized products. Therefore, the need for flexible
solutions is increasing to adapt to these challenges [3]. By
employing HRC systems in smart manufacturing areas, the

chance of enhancing productivity and efficiency is
becoming feasible.

This overview study aims to classify and highlight
current Human-Robot Interaction (HRI) in manufacturing
areas. Considering the collaboration interaction is the main
interest of the research where collaborative robots are
employed in HRC systems. Examples of industrial sectors
are presented, as collaborative robots are implemented to
highlight the difference between old and new production
processes due to the change in the manufacturing
environments toward smart manufacturing. Future work
and estimated research directions are presented lastly in
this paper.

II. HUMAN-ROBOT INTERACTION
CLASSIFICATION

Industrial robots are playing a crucial role in the
competition between companies to augment production. In
2019, the International Federation of Robotics stated that
the robot production industry was likely to grow by 13%
worldwide[4]. Additionally, many companies are focusing
on special features to be offered in the robotic system they
are interested in, such as requiring more human-friendly,
adaptable, and safer robots [5]. With the emergence of
collaborative robots (“cobots”), small and medium-sized
companies can employ robots and boost productivity and
flexibility. As a result, industrial enhancement can be
influenced when the interaction phases between humans
and robots are getting integrated.

The robot needs to be working with or collaborating
with a human operator[6]. This interaction between the
human operator and the robot depends mainly on a task to
be performed, shared workspace, direct contact, and
simultaneous and sequential processes. So, the interactions
between humans and robots can be classified into four
main types [7, 8]:

e Coexistence interaction: human operator and robot
are working without intersecting each other
workspace. They can work on the same task but at
different times and places. Their connection is
limited only by existing in the same facility [9].

e Synchronization interaction: Both human operator
and robot might share the same workspace. Agents
perform tasks by providing instructions to each


https://doi.org/10.1109/icac55051.2022.9911168
mailto:uqba.othman@strath.ac.uk
mailto:erfu.yang@strath.ac.uk

other. In this scenario, the human operator and robot
are looking at the same target in sequential order.

e Cooperation interaction: operators and robots can
access the same technological resources to obtain
information about the work task. But both are
intending to perform their own work interest.
Overlapping workspace can occur but there is no
direct connection between them.

e Collaboration interaction: both human operator and
robot are working together to achieve the same task
which can be complex. Direct contact between the
system agents is possible and under their control.

Table 1 summarizes human-robot interaction features
considering the shared contents of work tasks, direct
contact, and simultaneous and sequential processes [10].

TABLE 1. HRI INTERACTION ON SHARED CONTENTS

Interaction
Shared Coexist Synchronization Coop | Collabora
Content ence erati tion
on
Work X x
Task
Direct X X
Contact
Simultane X X X
ous
process
‘Workspac X X X
e
Sequential X X
process

III. DEFINITION
AND CLASSIFICATION for HUMAN-
ROBOT COLLABORATION

In the HRC systems, the primary focus is to combine
both human operator experience and robot abilities, while
they should be physically separated during work [11].
However, collaboration interaction allows both operator
and robot to always be in a direct connection and target the
same task. The investment in developing collaborative
working areas is increasing with specific interest given the
ability of human operators to share and exchange
information with robots to improve productivity and work
efficiency [12]. This indicates the flexibility of creating a
direct connection between the human operator and the
robot [13]. HRC systems are designed to work intelligently
as the production objectives are being delivered feasibly.
Technological enhancements proposed in smart
manufacturing areas allow the human operator to be
working efficiently [14]. As a result, human operators
will be able to influence the whole production process,
especially in critical decision-making stages. On the other
hand, collaborative robots can communicate with the
human operator as they are built with intuitive interfaces
and sensory systems. As such, they can support the

operator in performing repetitive tasks, working in risky
areas and other tasks that require high effort and stability
[15]. Additionally, ordinary programming approaches are
enhanced through the fourth industrial revolution.
Therefore, non-expert operators can work and
communicate with the robot simply. Gestures, speaking
and eye blinking etc can be used instead of traditional tools
to interact with the robot during the work. Therefore, the
work is developed to be proactive instead of reactive [3].

Human-robot collaboration is determined by the
agent’s effort dynamics, the nature of work concerns,
human operator satisfaction, and the ease of critical
information transferring between operators and cobots
[16]. Accordingly, the HRC system can be classified into
four main aspects that are outlined in Fig. 1.

A. Collaboration levels

HRC system is based on the principle of collaboration
between humans and robots. Thus, researchers have made
considerable efforts to standardize the collaborations
between humans and robots in the shared environment. In
[16, 17], the latest levels of collaborations in the HRC
system are classified as follows:

e Independent: Both humans and robots are focusing
on different tasks separately.

e Sequential: Both human operators and robots
execute sequential operations at different times
focusing on the same work task.

e Simultaneous: Working at the same time, same
work task but different processes.

e Supportive: Operators and robots complete a
common process on the same workpiece in a
synchronization manner.

B.  Work roles

Depending on the type of task performed, human
operators and robots have different roles in the industry
[18]. In terms of [16], the HRC system can be examined
by three different types of roles assigned to human
operators or robots.

e Supervision: the relationship between human
operator and robot is defined as master-slave. The
human is the master.

e Peer: the human operator and the robot determine
or maintain the work rate.

e Subordinate: the robot would be the master in this
relationship type.

C. Safety control modes

For system safety, the protection of human operators is
of paramount importance. In [19, 20], researchers
identified the human operator faults, environmental
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Figure 1. Structural components of HRC system

conditions and engineering errors as the main reasons why
failure is likely to occur in the human-robot working area.
The International Organization for Standardization (ISO)
has therefore developed safety standards to ensure the
safety of both system agents during the work process. For
instance, ISO 10218-1 and ISO 10218-2 were established
for parts installation and operations safety[21]. ISO 15066
was released in 2016 with special safety control modes to
enhance the integration area especially when operation
parameters are derived, such as force and speed [22]. So,
mandatory safety modes for a safe working area are
strongly recommended for HRC system installation. The
safety tools classification is summarized as follows:

e Safety monitored stop: The robot stops moving
once the human operator enters a specified safety
area.

e Hand guiding: the human operator will be able to
move the robot manually without the need for an
external force source.

e Speed and separation monitoring: the robot’s force
and speed are limited to the safety zones regarding
the human operator’s location.

e Power and force limiting: the robot will be able to
work within a certain range of force and torque. So,
it will not be exceeding them to cause injuries.

D. Communication interfaces

In the HRC system, the communication and
programming approaches are built more intuitively. The
traditional programming and interfaces applied to control
and drive robots are based on conventional coding [23].
Thus, the current HRC efficiency and flexibility require
enhanced communication levels to adapt all the human
movements and possible connection aspects with the robot
during the work. Latest communication approaches are
emphasized in [16, 24] to be developed and adopted. For
instance: body gestures, facial/eye tracking, voice
commands and haptic interfaces, etc.

Iv. SMART MANUFACTURING

During Industry 3.0, automation solutions were
focused on transforming the production processes to be
automated and controlled with sensors and actuators,
allowing the human operator to monitor the production and
make improvements to the working environment [25].
However. with the digitalization of the industrial world,
manufacturing processes are changing and being affected
significantly [26]. Therefore, operating systems must be
more intelligent to be able to work in collaboration and
adapt to work conditions that are determined by market
change [27]. The fourth industrial revolution is
characterized by “smart manufacturing” where production
has become more sustainable and digitally integrated [28].
Industry 4.0 enhancements have provided interesting
terminologies outlined in Fig.2.

Currently, manufacturers are focusing on enhancing
the production levels by employing these features. So, the
company’s strength will be increased against its
competitors. Data exchange, value-added services,
digitization and customized products and the green
industry are the future of the industrial world [29]. These
landscapes are enabled in smart manufacturing through
four main approaches: Internet of Things (IoT), cloud
computing, big data and analytics [30]. As a result,
Industry 4.0 adoption can integrate the whole
manufacturing system resulting in smart manufacturing,
smart working, smart products and services [31]. In
addition, these approaches are reducing the cost and
energy waste of manufacturing processes.
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a) Smart manufacturing technologies

In smart manufacturing systems, there are more than
ten intuitive technologies that are aiming to improve the
work environment and the processes. Four technologies
are highlighted to support the implementation of the HRC
system in smart manufacturing. Through them, the
system’s efficiency and productivity are enhanced
significantly.

e Artificial intelligence (Al): As a result of the vast
data generated from connected machines in the
factory, the two subsets of Al are playing a
significant role in analysing and evaluating
generated data to produce valuable information.
Machine learning (ML) and deep learning (DL) are
the main techniques representing the Al technology
adopted in smart manufacturing [32].

e Augmented reality (AR): The remote assistant can
be enabled to support the operator for improving the
workplace as the production data are visualized [27,
33].

e Collaborative robots (Cobots): A new face of the
industrial robots can be working in complex
working situations with a human operator in the
workspace safely.

e Digital twin (DT): The manufacturing system and
its components can be designed in a digital
environment. So, engineers can exploit gathered
data to support human operators to conduct
production without causing a gap in the production
line as the digital twin is a virtual method that is
used for validation while designing and
implementing the HRC system [34].

b) HRC in smart manufacturing — Industrial cases

HRC system is implemented in many industrial sectors
such as the automotive industry and food processing [35].

e Food industry

The food industry plays a key role in the European
economy as some shops produce up to 10,000 meals daily
[36]. In addition, the food industry involves a wide range

of production processes, beginning with agriculture and
extending to the production process (cooking, packaging)
and ending with the ready meal to be sent to the market.
Currently, the food industry is facing a major challenge of
changing its business model from one based on supply to
one based on demand. Noting that the supply chain
resilience was impacted, especially at the beginning of the
COVID-19 pandemic [37]. Therefore, the emergence of
digitalization and industry 4.0 technological contributions
are highly required to lead the transformation of food
production to enhance the sustainability of this sector [38].

Robotics in agriculture is enhancing the collection of
information about plants, soil and crop growth. In [38], it
is stated that incorporating sensing approaches will
increase the flexibility and sustainability of the robotic
system, reflecting ultimately the entire production process.
The use of Cobot in the food industry demonstrates the
level of intelligence and automation that can be achieved
in the food industry. The fruit can be picked by utilizing a
cobot with a gripper attached to its end, so picking fruit is
a smooth process and the labour reliance will be fulfilled
using a robot. Additionally, the robot can move from one
department to another easily [39].

According to [36], in catering facilities there are
several processes (e.g., cooking, baking), and the
production challenge lies at the end of the line. Food is
processed in this area through manual steps, which are
light and can be performed by humans, but they require a
high level of repetitive ability, which the human worker
lacks at this point. By utilizing the Cobot, the catering
industry is becoming smarter and more advanced,
especially since the Cobot is designed to assure flexibility
and safety while working with a human operator. Working
together is also important in catering facilities since some
tasks can't be automated and require human expertise such
as feeding machines with components to keep the work
continuous.

¢ Automotive industry

Automotive is the largest industrial sector in the world.
Considering the UK only, 3.7 million employees are
working in the automotive sector and the economical
contribution of the UK economy is about $26 billion [37].
In the automotive industry, assembly cells is playing an
important role where 83% of production units involve
assembly tasks [16]. However, some manual operations
are still needing more flexibility and robustness to be
performed efficiently; thus, relying on the industrial robot
to perform these tasks alone may not be a practical solution
as human abilities can’t be fully replaced [40]. Therefore,
the focus is to combine both abilities of humans and robots
to work in collaboration while safety is assured to prevent
any accident during the work [22].

From [8], in the assembly stage, the collaborative robot
is responsible for the screwing task through the sensing
integration with a human operator who will be able to
share the work area and task. Also, installing the vision



system is allowing the collaborative robot to collect
information about the working environment and the
human intentions that will be wused for further
improvements such as path planning and human
movement predictions. As a result, the implementation of
the HRC system is showing the needed capacity to perform
complex tasks.

V. KEY FINDINGS AND FUTURE RESEARCH
DIRECTIONS

In the age of industry 4.0, many opportunities are
arising to get the benefits of emerging technologies [41].
Al, AR, DT and HRC approaches are employed in smart
manufacturing to transform data processing into digital
processing and controlling. Therefore, designing smart
systems will lead to high-quality real-time data exchange,
zero wasted efforts and better data management [42].
Focusing on HRC applications, HRC is the future
alternative to conventional robotic and automation
systems. As conventional systems require significant
installation efforts and experts to program and control. In
addition, old machines need to be upgraded so they can
collaborate with HRC units in the production line [43].
HRC systems enable humans to work more efficiently and
effectively with robots through intuitive interfaces [16].

The main target of employing HRC systems in the
industry is to reduce the interaction complexity between
humans and robots during work. Whereas, the
implementation of collaborative robots in smart
manufacturing systems is currently limited to simple and
short-age production processes. In [36], the aim of
employing a collaborative robot was only to increase the
efficiency through automating the catering process.
However, collaborative robot technology requires intuitive
approaches to design and program. Therefore, the system
complexity is limiting the opportunity of expanding the
use of collaboration robots in industry. So, the human
operator’s confidence to be working with the new tools and
technologies will be affected, especially when a work
occasion occurs and requires the operator to share
experience and take a critical decision. HRC system should
be perfectly designed and built and human-robot roles
need to be carefully designed and purely perceived [44]. In
addition, existing HRC applications are designed mainly
to increase productivity and efficiency levels with low
safety insurance in the working areas [41]. Therefore,
implementing collaborative robots in various industrial
sectors is limited too. Consequently, the implementation of
HRC in smart manufacturing requires a comprehensive
design phase to enhance operational features. Future work
should be focused on how to maintain safety and
accessibility to reach the level of a flexible human-robot
collaboration system in smart manufacturing. Additional
effort relating to this research will be investigated to
employ novel concepts and algorithms for better
implementation of HRC systems in real world industrial
applications.

VL.  CONCLUSION

The presented overview has firstly covered the Human-
Robot Interaction (HRI) and its definition and levels of
interactions. The collaborative relationship between
humans and robots was then discussed by defining,
classifying and characterizing the Human-Robot
Collaboration (HRC) as a complete working system. The
structural components of the HRC system were also
reviewed to emphasize the importance of the HRC system
design. The overview has also highlighted smart
manufacturing with the focus on analyzing the four
important technologies that emerged in the age of Industry
4.0.

The food and automotive industries were discussed in
this paper as examples of industrial sectors where the HRC
is implemented in specific processes. The efficiency of
employing HRC systems in these industries was able to
showcase the significance of HRC in current industries.

The collaborative robots’ approach is a promising
technology that can leverage manufacturing efficiency. By
exploiting the human operator’s knowledge and the
collaborative robot abilities, the production lines will take
a new direction for further technical improvements. At the
same time, it is very important to consider that the
industrial world will require stable and intuitive solutions
that can be adapted in many industrial areas. Therefore, the
current challenges of HRC like complexity, rigidity, safety
and interfacing need to be widely and deeply searched [45].
Adapting HRC in manufacturing with an assurance of the
safety levels will be critical. The future HRC system to be
explored must carefully design and identify the roles of
human and collaborative robot to maintain constant levels
of production if a technical issue occurs suddenly during
work or working environments has to change abruptly.
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